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SYNOPSIS 

In this work we report on some in'vesti gat ions on an 
effecti'^e Lagrangian model which is a generalisation of the 
model to chiral SU(3) X SU(3) and is further extended to 
include spin one fields, introduced as gauge fields. The 
SU(3) X SU(3) currents are either conserved or satisfy partial 
conservation equations. The vacuum is invariant only under 
a subgroup of chiral SU(3) X SU(3) namely SU(2) X U(1) corres- 
ponding to isospin and hypercharge symmetry. All the calcu- 
lations are done in the tree graph approximation. 

The spin zero fields are assigned the (3, 3*) ’+ (3*, 3) 
representation of SU(3) X SU(3) and parity. The spin one 
fields, hy virtue of being gauge fields, belong to the regular 
representation (8, 1) ( 1 , 8). Apart from the vacuum break- 

ing, one has to include two other types of symmetry breaking 
as well. A common mass term for gauge fields invariant only 
under coordinate independent STJ(3) X SU(3) transformations, 
is included to ensure nonzero mass for gauge fields corres- 
ponding to conserved currents. Another term is a linear func- 
tion of scalar fields transforming as (3, 3*) (3*, 3) re- 

presentation of SU(3) X SU(3) which breaks the symmetry intrinsi- 
cally to SU(2) x;u(1). It is there to ensure partial conser- 
vation of currents and for avoiding the unpleasant canse^onoes 
of Goldstone theorem. 



The thesis is divided into six chapters. The first 
chapter is in the form of a general introduction. In the 
second chapter the necessary mathematical background for con- 
structing a lagrangian invariant under co-ordinate dependent 
SU(5) 2 SU(3) symmetry transformations is developed. A brief 
account of spontaneous breaking and Yang-Mills approach is 
given. The covariant derivatives and invariants for spin 
zero and spin one fields are obtained. 

The basic Lagrangian is written down in the third 
chapter. One would like to stick to minimal couplings of 
the gauge fields; however, it turns out that in order to 
describe particle masses and decay of axial vector mesons 
correctly, it is necessary to include some nonminimal coupl- 
ings as well. The vacuum breaking is introduced by giving 
nonzero vacuum expectation values to the appropriate scalar 
fields. After taking accoimt of field mixings and renormaliza* 
tions the physical spin one and spin zero fields are defined. 
Most of the parameters of the model are detemined from some 
of the masses and remaining masses are predicted. The predic- 
ted masses including those of scalar mesons are close to the 
masses of possible experimental candidates. 

The fourth chapter deals with strong processes involving 
mesons. Widths of two particle decay modes of vector, axial 
vector and scalar mesons and three particle decay modes of 



axial vector and pseudoscalar mesons are calculated. I’inally 
the elastic scattering of two pseudoscalar mesons is considered; 
in particular we calculate %-% (s-and p-wave) , K-m (s-wave) and 
K-K (s-wave) scattering lengths and effective ranges. 

The fifth chapter is devoted to the study of vector and 
axial vector currents. The expressions for vector and axial 
vector currents are obtained which along with coupling constants 
obtained earlier are used in calculating decay constants of 
mesons, and form factors. 

In the sixth and last chapter, we discuss some possible 
improvements of the model namely inclusion of ninth vector and 
axial vector mesons. We find that if these are included one 
has to introduce a large number of additional parameters which 
reduces the predictive power of the model considerably. Then 
we discuss the situation where the explicit sjonmetry breaking 
linear term is absent. This provides an illustration of Gold- 
stone theorem and some of the results of Higgs and Kibble work. 
Kinally^ a limit of the model is discussed in which masses of 
chiral partners of the Goldstone bosons becomes infinite. The 
predictions in this limit are compared with those of current 
algebra and nonlinear effective lagrangians. 

Pinally^ the re is an appendix in which all the coupling 
constants used in the calculations are listed. 



CHAPTER I 


IKTRODUCTIOH 

•1 

Gell-Mann’s current algebra hypothesis has led to 
considerable understanding of weak and strong interactions 
of the hadrons. According to this hypothesis the fourth 
component of ■vector and axial vector currents, which take 
part in weak interactions, satisfy, at equal times, 

SU(5) X SU(3) algebra even though the strong interaction 
Lagrangian may not be SU(3) X SU(3) sjnmnetric. In order to 
calculate matrix elements of currents one has to supplement 
current algebra with more specific assumptions. The two 
main assumptions commonly made are? 

(i) the axial vector currents and some of the vector 

p 

currents (strange vector current) are partially conserved. 
By pairtial conservation of currents we mean that the matrix 
elements of the divergence of the current are dominated by 
appropriate spin zero meson pole. In a field theoretical 
model this is implemented by requiring currents to satisfy 
identities like, 

■ ” const, s(x) , 

■ ( 2 ^) ^ const. p(x) , 

/A 


( 1 . 1 ) 
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where s and p are appropriate scalar and pseudo scalar fields 
respectively. 

(ii) the matrix elements of the currents are dominated by 
the spin one meson poles. This is commonly ensured by 
replacing currents with corresponding spin one interpolating 
fields.^ 

5 

Weinberg showed that the current algebra results for 
n--K and N-u scattering lengths can be easily derived from an 

6 

effective Lagrangian obtained from the SU(2) X SU(2)c7- model 
after performing a canonical transformation on the nucleon 

p 

field and taking the limit Soon after it was noted 

6 7 

by several authors ’ that the above mentioned assumptions 
can be economically incorporated in suitably constructed 
effective lagrangian s with which calculations are to be done 
in the tree graph approximations, Tiirthermore in an effective 
Lagrangian model one can test the validity of more specific 
assumptions as well; one is sure of the consistency of the 
model and can see the interdependence of the various processes 
which is missing in the usual treatment of individual processes. 

The first step in constructing a lagrangian is to assign 
a suitable representation of the group to the particles to be 
considered. The spin zero mesons are usually assigned to 
(3, 3*) + (3*, 3) representation of chiral SU( 3) X SU(3) and 
parity. In order to fill this representation one needs nine 
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pseudo scalar and nine scalar particle. In tbe year 1967, since 
there was no’’ convincing evidence for the existence of scalar 
particles, ■ ways were found to construct SU(3) X SU(3) in- 
variant lagrangians without these,- it was observed' that this 
is possible if one as stones that some of the experimentally 
observed fields transfoim nonlinearly under SU(3) X SU(3) 
transformations, ^rom these nonlinearly transforming fields 
linearly transforming functions were constructed which were 
subsequently used in constructing lagrangians, commonly known 
as nonlinear lagrangians. If these scalar particles are 
observed - there is growing evidence in favour of these ~ then 
either one has to abandon or greatly modify this approach. On 
the other hand one assumes that fields transfoim linearly, all 
of them have equal status, then the linear lagrangians so 
constructed will contain more information than the nonlinear 
lagrangians. In this work, we shall construct a linear lag- 
rangian where all the fields are treated on the equal footing. 

As far as the question of including spin one meson goes, 
one of the possibility is to assign some suitable representa- 
tion of the group to these and to write dov?n invarient coupl- 
ing terms. However, when this is done the resulting lagrangian 
has too many parameters, so this is not an attractive possi- 

Q 

bility. Another possibility is to follow the Yang-Mills type 
approach.- In this approach one demands invariance under 
coordinate dependent group transformations. The spin one 
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fields are identified with gauge fields wliicb are introduced 
to maintain invariance under the extended symmetry. The gauge 
fields couple universally with other fields and theire is only 
one coupling constant. 

In nature SU(3) X SU(3) cannot he an exact symmetry; 
already the subgroup SU(3) is a broken symmetry. Moreover, 
most of the SU(3) X SU(3) currents are known to be not con- 
served. Therefore, one has to introduce symmetry breaking. 

The possibility that vacuum may not be synimetric under the 
full group but is only invariant under a subgroup is attrac- 
tive in itself. When this is so we say that the symmetry is 
broken spontaneously. In these theories, however, due to 

Q 

Goldstone theorem, ’ there must exist zero mass particles, 
Goldstone bosons (Goldstones), contrary to the experiments. 
However, in gauge theories when symmetry is broken spontane- 
ously the Goldstones become the longitudinal modes of gauge 

1112 

fields and are removed from the theory. ’ This way the 
gauge fields also become massive. However, only those gauge, 
field acquire mass which correspond to the broken components 
of the symmetry. In case of otir S 3 rmmetry group SU(3) X Sl[J(3), 
which is broken spontaneously to SU(2) X U(1),then the octet 
of pseudo scalars and the scalar kaon appear as Goldstones. In 
the completely gauge invariant theory these get combined with 
gauge fields and are eliminated from the model which is dis- 
astrous, This complete elimination can be prevented if we add 
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a common mass term for gauge fields, which is invariant under 
coordinate independent group transformations only. It also 
ensures nonzero mass to the gauge fields coupled to the con- 
served currents. Although the complete elimination of 
G-oldstones is prevented but they are still massle,ss* Further 
more all the currents are conserved whereas we want some of 
them to be partially conserved. Both of these difficulties 
are overcome if one adds a symmeta^ breaking term transform- 
ing as some representation of the symmetry group. In SU(5) X SU(3) 

1 '5 

the most economical explicit symmetry breaking turns out to 

be a linear function of scalar fields transforming as (3,3*) + (3*,3) 

representation of SU(3) X SU(3). 

The lagrangian which can be written dovm from these 
requirements is not unique. This is due to the fact that many 
invariants involving fields and their derivatives can be cons- 
tructed. However, one naturally likes to write the simplest 
possible Lagrangian unless forced to do otherwise. Although 
one would like to stick to minimal couplings of vector mesons 
obtained by replacing ordinary derivatives of fields by co- 
variant derivatives, it turns out that in order to give satis- 
factory description of masses of particles and their decays, 
one has to include some nonmlnimal coupling terms. 

Since we started this work some papers reporting similar 

investigations have appeared in the literature. Although 

17 

there is some overlap with these works, the present work is 
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distinguished from the fact that a variety of dynamical quanti- 
ties like particle masses,, couplings, decay rates, scattering 
lengths and form factors have "been calculated from the same 
effective lagrangian and nimerical details have been worked 
out. 

The plan of the thesis is as follows. In the second 
chapter we collect necessary mathematical techniques used in 
constructing invariants under coordinate dependent SU( 3) X SU(3) 
transformations. After giving a brief account of spontaneous 
breaking and Yang-Mills approach the co variant derivatives and 
invariants for spin zero and spin one fields are constructed. 

The basic Laghangian for nonets of spin zero mesons and octets 
of spin one mesons is written down in third chapter, Vacuum 
breaking is introduced by giving nonzero vacuum expectation 
values to the appropriate scalar fields. The field mixings are 
removed and renormalized spin one and spin zero fields are 
identified. Most of the parameters of the model are determined 
from some of the masses and remaining masses including those of 
the scalar mesons are predicted. The fourth chapter deals with 
strong processes involving mesons. Widths of two particle decay 
modes of vector, axial vector and scalar mesons and three parti- 
cle decay modes of axial vector and pseudoscalar mesons are 
calculated. Pinally, the elastic scattering of %-%, K-u and K-K 
are considered. The fifth chapter is devoted to the study of 
vector and axial vector currents which are subsequently used in 
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calculating decay constants of mesons, and form factors. 
In the sixth chapter we discuss some possible improvements of 
the model namely inclusion of ninth vector and axial vector 
mesons. Then we discuss the situation where the explicit 
symmetry breaking linear term is absent. A limit of the model 
is discussed in which masses of chiral partners of the Gold- 
stones become infinite. Its predictions are compared with 
those of current algebra and nonlinear effective lagrangians. 

Finally^ there is an appendix in which all the coupling 
constants used in the calculations are listed. 



CHiOPTER II 


GHIBil) Sg(3) Z Sg(3) ME SmiBTRY BEBMING 

This chapter is dei/oted to the construction of 
invariants under the coordinate dependent SU(3) X SU(3) 
transformations and to the fom of ssnnmetry hrealcing. In 
Section 1, after introducing group SU(3) X SII(3) as a 
symmetry of vector and axial vector currents we construct 
the invariants of fields belonging to (3? 3*) + (3*, 3) 
and (8, 1) + (1, 8) representation of SU(3) X SU(3). Ihe 
generalization of symmetry transformations considered in 
Section 1 to space time dependent group parameters is 
considered in Section 2. The requirement that the lag- 
rangian should be invariant imder the generalised symmetry 
transformations leads to the introduction of gauge fields. Sec- 
tion 3 contains the discussion of the consequences of assump- 
tion that vacuum is not invariant under the symmetry trans- 
formations. Ydien this happens massless particles, G-oldstones, 
appear in the theory. We discuss how to cure masslessness 
of G-oldstones and at the same time of gaiige fields. 
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2- 1 The G-roup Chiral SIJ(3) X SU(3) and its Representations : 

It was proposed hy Gell-Mann that the -vector ciirrents 
jL, > w^ich take part in the weak processes of strongly inter 
acting particles belong to the octet representation of SU(3) 
The operator (k = 1 ... 8) defined as, 

qJ = / d^ X (x), (2,1) 

A 

are the generators of SU(3). The axial -vector currents, 
also belong to an octet representation of SU(3). The opera- 
tors (k = 1 ... 8) defined as, 

Qj = /d5xjj^.{x), (2.2) 

are the generator of axial SU(3). These sixteen operators 
satisfy the following equal time commutation relations, 


[q^, Qi]_ - 

^ %lm 


[«k’ = 

^ ^klm 

(2.3) 

[4- Q-iL = 

^ ^klm Sn’ 



where are real and totally antisymmetric structure 

constants of SU(3). We define, 

Qk ^^k — ^k^ * (2.4) 

The operators and Q“ separately obey the commutation 
relations, 

^ ^klm 

while they commute with each other. 


(2.5) 
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[^k’ ]_ = 0* <2.6) 

Thus we are now dealing with a direct product of two SU(3) 
groups that is chiral SU^(3) X SU_(3). The unitary trans- 
formations corresponding to these SU^(3) and SU (3) are 
represented by the operators, 

i 

= exp [ -i e'+ . Q ] . (2.7) ■ 

The are defined as, 

€+ = + e^. (2.8) 

The dot product 6+. Q is shorthand notation for 

® k i + 

S '^k' operators and are connected to each 

other through the parity operation, 

P P"'' = qJ . (2.9) 

Tv'e shall be concerned with irreducible representations 
of the larger group SU^(3) X SU_(3) consisting of Q^, and 
parity. The irreducible representations (IR) of SU(3) are 
denoted by the dimensionality of its representation. In 
SU(3) X SU(3) an IR will be given by two numbers say (m, n) 
where m is the dimension of the IR with respect to SU^(3) 
and n is the dimension of the IR with respect to SU (3). 

Since parity interchanges and an IR of SU(3) X SU(3) 
and parity is given by (m, n) + (n, m) for n ^ m. 

let us consider the transformation properties of fields 
under SU(3) X SU(3). A field (a = 1 ... m) belonging to 
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(m, o) transfoims as, 

[exp (-le^-Vla - (2.10) 

JL 

where forms a matrix representation of the Q generators 
in the m dimensional representation. Since is a m X 
matrix, indices c and a (c, a = 1 . . . m) denote the ca-th 
element of the matrix exp (-iC^..!'^), Erom (tO) we obtain”*^ 
for belonging to the contragradient representation (m*, o) 

exp (-le^.P^) -1)® ]° 

= [exp (le^.p^) ] . (2-11) 

The transformation law for a field (Id = 1 ... n) belong- 
ing to (o, n) is gi-ven by, 

= -fl [ exp (-ie_.i'_) , (2.12) 

where ? forms a matrix representation of the Q” generators 
in the n representation. Por belonging to the contra- 

gradient representation (o, n*) the transformation law is, 

U"”' = [ exp (i e_.T'_) (2.13) 

Thus a mixed tensor which belongs to (m*, n ) represen- 

/ ^ 

tation transforms as* 

= [expde^. [ exp{-ie_.p_)]^ . ( 2 . 14 ) 


* In rest of this section TJ = TJ^U . 
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Tbe IRiof SU(5,) X SU(3) which ai« of interest to us 
are (3, 3*) + (3*, 3) and (8, 1 )+ (1, 8). First consider 
transformations of a tensor belonging to (3, 3 ) + ( 3*5 3) 
representation. A component ha (a, b = 1 ... 3) of 3X3 
matrix field M belonging to (3 5 3*) representation trans- 
forms as, 

U l4 = [ exp(ie_.A/2) ]\ C expC-i€+.V2) ]l 

= [ exp(ie__,'V 2 ) M exp (-ie^.'V 2 ) 5 (2.15) 

where the &ell-Mann matrices ^j_/2 (i = 1 ... 8) forms 
3-dimensional representation of the generators of STJ(3)* 

In (15) the notations = (M)-^g_ have been used. From 

(15) we obtain, for the transformation properties of matrix 
field M, 

U M IT*’ = exp (ie_.7v^2) M exp (-ie^..V2). (2.16) 

For infinitesimal C, it gives, 

6M = ie_.V2 M - i Me^.V2 

= i £ e^.^/2, M _ i [ e-^\'X/2, M (2.17) 

In writing last line we have made use of (8). The matrix 
field will according to (16) transform as, 

U it”’ = exp (ie^.Vs) M"*" exp(-i e_.V 2)5 (2.18) 

and therefore it belongs to (3 5 3) representation. For 
infinitesimal 6 , it gives, 
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6 = le^.Vs m"^ - i e_.^/2 


= i [ e^. V2, ] 

_ + i [ e"^V2, 

(2.19) 

The (16) and (18) give, 

U U"'* = exp (ie_.V2) 

exp(-ie_.(V2) 

(2.20) 

Hence, 

Tr (mt) , 


(2.21) 

is an invariant. Similarly, 



Tr (MM"^ Bffl‘‘‘), 


(2.22) 


is also an invariant. Consider the tirans format ion of det M, 

U det M U'*! = det [ U M U“'^ ] 

= det [ exp(ie_.V2) M exp(-ie^./y2) ] 

= det M. (2.23) 

Hence, 

det M + det M**", (2.24) 

is an invariant under STJ(3) X SU(3) and parity. 

Now consider the transfomation properties of fields 
belonging to (8, 1) + (1, 8) representation. The fields 
Iig_ (a = 1 ... 8) belonging to (8, 1) transfom as, 

= I'D [ ]a • (2-25) 

For infinitesimal £, 

“a = I-b 


( 2 . 26 ) 



14 


Since in regular representation, 



(r=)a 


^ ^cba’ 

we get, 


“a 

— 

“^b ,^cba ^+c 

or 

61 

= 

i [ e^. V2, 1 , 

where, 


L 

1 

f2 

a?i 


(2.27) 


^abc ^c^b' 

(2,28) 


(2.29) 


Then (25) becomes, 


U 1 tr'* = exp (ie . 7|/2) L exp (-ie..'X/2), 


Similarly, a matrix field R, 


R 


1 

n 


a=1 ® ^ 


belonging to (1, 8) transforms as, 

U R it”' = exp (ie_. V2) R exp (-ie_.>/2). 
Rrom (30) and (32) one see that the term, 

Tr (LL + RR), 
is an in'yariant of the group. 

2-2 Oeneralize d Gauge Tran sf ormat ion s : 


(2.30) 


(2.31) 


( 2 . 32 ) 


(2.33) 


The symmetry transformations considered so far can be 
generalized so that the group parameters e(x) are functions of 
space time. Under these generalised transformations, the group 
in-variants -which involve derivatives of the field are no longer 
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im^ariant. Howe ver_, invariance can be maintained if one intro- 
duces vector fields, usually knov«i as gauge fields, with app- 
ropriate transfomation properties so that extra terms from 
the transformation on the derivatives of the matter field are 
cancelled by the corresponding terms coming from the trans- 
formation of vector fields. In this way, the generalisation 
of the group parameters from constants to function of space 
time can be taken as the principle generating the vector 
fields, lor example, in quantum electrod3naamics such a 
generalisation leads to the introduction of the electromagne- 
tic field. 


Under the gauge transformation of first kind a charge 
carrying field ''^transforms as, 

y/(x) = exp [ -ie(x) ] 'y^(x) (2.34) 

and d^y{x)= exp [ -ie(x) ] (5^- i8^^e (x))|^Kx) . (2.35) 

In order to maintain invariance of kinetic energy term 
- 1/2 (B^Y') , the 6^G(x) term must somehow be cancelled. 

To achieve this one introduces a vector field the - electro- 

magnetic field, which undergoes transformation of the second 
kind , 


A 


e 




( 2 . 36 ) 


^JU -«yU- 

where e is the electric charge. If in the lagrangian a^Y'is 
replaced by the co-variant derivative. 


(6^-le A^)y-(x), 


(2.37) 
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then clearly the resulting lagrangian would he invariant 
under the transformations (54) and (56), The kinetic energy 
term, for the electromagnetic field, which is invariant 
under (56) is, 


-T~ 


(2.58) 


where , 






* 


It is to he noted that hare mass o f A. field is zero because 
term like is not invariant under the transformation(56) . 

O 

Yang and Mills applied this procedure to the group 
of iso spin transformations of a nucleon field As in the 
electromagnetic case, in order to preserve the invariance 
under coordinate dependent transformation we require the 
existance of a T = 1 vector field B ^ is a 2 matrix 

field given hy, 


t %• 


The nucleon field transforms as, 


y/‘(x) = uy^(x) 


whereas the field 'B , . is assiuned to transform as, 


(X) = U [B^(x) H-.-jU 0^ 0-1 


where , 


exp [ ir/2. 5. (x) ] 


(2.59) 


(2.40) 


(2.41) 


( 2 . 42 ) 


and g is the coupling constant. Using (40) and (41) one can 



f 


(2.43) 


see that the covarlant derivati-ve, 


V)^ 


transforms as, 

V^’ = uD^.y- 

The antisymietric field tensor 


(2.44) 


analogous to is 


~ ~ |[ ®j/'] _• (2.45) 

The kinetic energy term for B,, field is, 

yuL= 

- -f- ('>>/<^») • (2-«) 

The Yang-Mills trick was later generalised to other 

Q 

Lie groups of internal symmetries hy Utiyama and G-ell-Mann 

O 

and Glashow . The gauge fields required to' maintain inva- 
riance have the transfoimation properties analogous to (41). 
Since these fields are introduced tO’ cancel the terms 
we have as many gauge fields as there are group parameters; 
BO they belong to the regular representation of the group. 


In SU(3) X SU(3) there are sixteen gauge fields 

belonging to (8, 1) + (1, 8) representation. Out of these 

sixteen fields» eight are vector Y^ and other eight are axial 

vector Z^, The 3X3 matrix fields Y^ and Z^are defined as, 

' 8 . .8 


>- 


1 


f2 


g ’ 


Z 




1 

f2 


S ^ >1- 


(2.47) 


The fields xt. belonging to (8, 1) and XL, belonging to (1, 8) 
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representation are, 

+ 


\f2 


(Vi 


(2.48) 


Using (30), (32) and (41), we obtain for the transformation 
■ i 

properties of X 

*1'* r|- 

[ ie+(x)/i/2 ][ 2;^+ ^ ] 


X exp [ -i e+(x).^/2 ]. 

For infinitesimal 6, this reads, 

•I* 

62^ = i[e+(x)J/2, a^e+iK).7\/z. 

The covariant derivative for M field is, 

rr+ 


(2.49) 


(2.50) 


Y2 - f2 


= e^M + M M t , M 


(2.51) 


It transforms as, 

(D^M)’ = exp [ i£__(x).^/2 ] I^M exp [ -ie^(x).^/2 J. (2.52) 

Q 

It was shown by Glashow and Gell-Mann that in general . 
one needs as many coupling constant as there are simple groups. 

In the present case our group is a direct product of SU,(3) 

T' 

and SU_(5) so we need two coupling constants to write covariant 
derivatives. However, since these two groups are connected to 
each other through parity transformation, therefore, only one 
coupling constant is required. The covariant derivative for 
M**" field is. 



(2.53) 
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It traxis forms as, 


Thus, 


= exp [ i€^(x).A/2 ] exp [ -ie_(x).V2 ]. 

(2.54) 

- Ir (I^M (2.55) 


is invariant -under SU(3) X SU(5) coordinate dependent gauge 
transformations. She antisymmetric field tensor for fields 
^tii^are given ly, 

5^1)/= = - 8v^+ Ig [ (2-56) 

which transforms as, 

i *1, 

C^v) = exp [ ±e+Cx).A/2 ] exp [ -ie+(x).//2 ]. ( 
The invariant kinetic energy term for the vector and axial 


vector fields are, 


- -J- - 

(2.58) 

Some other possible invariants are, 


Tr 

(2.59) 

and Tr . 

(2.60) 


Other invariant terms involving more derivatives can also he 
constructed. For example, using (53), (54) and (57), it is 
easy to see that the interaction term, 

i Tr (xjt^v(^%M - 33^M%M) 

+ ]^(Fyi[ - Dj/M Jjjt)), 

is SU(3) X SU(3) invariant and hermitian. 


.57) 


( 2 . 61 ) 
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2~ 5 Tacu'um Breaking of Ohiral Symmetries ; 

Axi important feature of our model is that we allow 
the possihility of •vacuum being non-invariant under the 
S 3 rinmetry transfomations. Y/hen this is the only mode of 
symmetry breaking, we say that symmetry is broken spontane- 
ously. Non-invariance of vacuum imposes some constraints, 
known as Goldstone theorem, on the theory. This theorem 
states that in a Lorentz covariant theory, the lagrangian 
or Hamiltonian is invariant under a continuous group of 
transformations but vacuum is not, there must exist massless 
particles, known as Goldstone particles. The existence of 
such particles was first conjectured by Goldstone^ and later, 

q -IQ 

this theorem was proved by many authors^’ . The Goldstone s 

are spinless if symmetry under considerations is internal 

one (the symmetry transformations do not involve space time 

coordinates) such as iso spin, SU(3) etc. and carry spin if 

the symmetry transformations involve space time coordinates 

such as Lorentz invariance. It can be shown that the quant-um 

n'umbers of Goldstones are those of nonconserved generators 

20 

of the original group j corresponding to each nonconserved 
component of the symmetry, we have one massless particle. 
Since in nature there are no massless spin zero mesons this 
type of symmetry breaking is not very useful as such. 
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Many attempts have teen made to bypass tbe consequences 
of G-oldstone theorem. It was shown by Higgs^”^ and ICibble”^^ 
that on introducing ■vacuum breaking in a gauge theory, where 
gauge fields are coupled to conserved currents, G-oldstones 
become longitudinal modes of gauge fields and are completely 
removed from the theory; the correspondfng gauge fields 
acquire mass. In this manner only those gauge fields acquire 
mass which are coupled to the nonconserved component of the 
symmetiy. 

In the present v7ork, we vrould be breaking SU(3) X SU(3) 
symmetry spontaneously to SU(2) Z U(1), corresponding to iso- 
spin and hypercharge symmetry. It means that, if the Lagrangian 
is completely symmetric, the whole of pseudoscalar octet and 
the scalar kaon will appear as Goldstones. When the Lagran- 
gian is invariant under coordinate dependent transformations, 
Goldstones get coupled to corresponding gauge fields and are 
completely eliminated from the model. Furthermore, pCY=0,I=1) 
and ip iY=0, 1=0) members of vector meson octet remain massless. 
Since the particles having the quantum numbers of Goldstones 
are observed in nature, we would certainly like to keep them 
in the model. .In order to overcome these difficulties, a 
common mass term for the gauge fields i.e., 

- m^ ^ (2.62) 

is added to the Lagrangian. This term is invariant only under 
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SU(3) X SU(3) coordinate independent transformations. Since 
in presence of vacuum breaking gauge fields and Goldstone 
fields mix, we define a physical spin one field which is a 
linear combination of gauge field and derivative of Goldstone 
field, Ti/hen lagrangian is expressed in terms of physical 
spin one field the m^ term besides giving mass to ^and<^ , 
provides kinetic energy term for Goldstone s and thus prevent 
their complete elimination. 

Although Goldstones are not removed from the theory, 
these are still massless, a situation not in confirmity with 
experiments. To give mass to these Goldstones one has to 
add appropriate symmetry breaking term to the Lagrangian. 

In the presence of this term Goldstone theorem obviously 
fails. The form of the explicit symmetry breaking term is 
determined from the requirement that nonconserved currents 
should satisfy the partial conservation equations. The only 
explicit breaking term which gives equation like (1,1) is, 

Tr (B(M + (2.63) 

which transforms as (3, 3*) + (3*, 3) representation. Thus 
there are three types of symmetry breaking to the otherwise 
gauge invariant lagrangian: a common mass term of gauge 
fields breaking gauge invariance, then there is a explicit 
symmetry breaking term giving partial conseirvation of non- 
conserved currents and finally symmetry is broken by the 


vacuum 



Ca!LPTER III 

EEEEGTIl/E LAG-RMQ-M M'D MSOR MASSES 


In this chapter, the . in'variant s constructed in the . 
previous chapter are used to construct the basic lagrangian 
for spin one and spin zero mesons. Symmetiy breaking is 
introduced by giving nonzero vacuum expectation values to 
some scala,r fields. After considering field mixings, due 
to symmetiy breaking, and renormalizations, physical fields 
for various particles are defined. Mass formulae of various 
particles are obtained from the effective lagrangian. Finally, 
all but two parameters entering the model are determined from 
the experimental spin one and pseudoscalar masses. 
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3-1 The Effect I've Lagrangian ; 

We assign (3, 3*) + (3*, 3) representation of 
SU(3) X SU(3) to spin zero mesons. The scalar 3 'X 3 matrix 
field S and pseudoscalar matrix field 7T are, 

^ = TT-S = 

f2 i=0 -^2 i=0 

whereas the ■vector matrix field Y and axial "vector matrix 

h 

field are , 


1 


§ A,. 


8 


r - TT it-i ”1 ' r2 


S (3.2) 


i=1 


7ii 


Let, 


M = E + ilT » 


M 


s - itr . 


(3.3) 


The relevant invariants of the fields M, M"*”, Y^,, have 
been constructed in the Chapter II. The basic Lagrangian is, 


L2 -t- Lj + , 


'(3.4) 


where , 


= 




^2 = " 4 {/"o ^2 P ^4 '<'(^ 2 ^ 


2 iv 


^3 = 




1^4 = T. 

+ .J^y (L^.^M - DyM } 

^ /, 

V 




“2 

T 
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— V ([ ]_ + 




+ ([ D,,Ti; D^S ]^ - [ D^TT, V ]^) } 

+ ^/vG)u>/) (s^ + J^) 

+ i [^;.U'V V]+ t^’TTJ. r 

ll 

"4^ -j ~ ^?;^v)(2 ^TT) 4 

'/bsI 

L -j 

-T' + V"^) 4 ^z + || [ z ]_ 

+ [ 2., TT], 




UT ' (I> 


!• « ) = vn + [ ^«> TT]_ 

-ill [^. 2j+ 


I mn^ , = |’-p2 + ^2 -j^ 

3(det M + det m"^) = - 5|s l| 


+ /zP - 6^2 - 6 



^isHrr [• - sts 


1 r '72 


u J U' I 


4« «k 

■ ' T\ «•*« (r* 




J = ^ +]]-^ + 4S^rT^ - 2ZjJzTT I 

- S^y + |f [ Y^, Y^] 


+ ^ [ 2^» 2y] 


1 /T7-+ 


“ ^y ) - 9/»/2y - 0>Z^ + 


" ir2 ^yiy ~ yy 


= ill s ^1^1 


2j3_ 


C^y. %3- 
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The symbol -i !> is a shorthand notation for trace. 

Apart from the teim our lagirangian is the SU(3) X 30(3) 

A A 

version of (7^ model , discussed hy levy ■ and G-asiorowicz 
and Geffen , extended further to include spin one particles 
introduced as gauge fields. The 1^ vdiich involves nonminimal 
coupling terms of spin one fields is required to describe 
correctly masses of the gauge fields and decay of axial 
vector mesons. 

In the model we have only octets of vector and axial 
vector mesons. One can include ninth vector and axial vector 
mesons as well. However, it requires introducing of many 
new parameters so that the model looses much of its predic- 
tive power. We will see that even without ninth vector and 
axial vector mesons model give good description of the expe- 
rimental data, The inclusion of ninth vector and axial 
vector meson is discussed in detail in sixth chapter. 

The presence of 1^ term inplies that the field 2 

22 

couples to vacunm, and leads to tadpole graphs . Let, 

2 = f + ■ (3,5) 

J_ 

such that <0j!$-l0> = 0. The matrix f is defined as, 

f ■=£ <o| 2 :lo> = E {'5.e) 

f 2 i=0 ^ ^ ° 

It follows from charge conservation that only 

0 0 O 0 

<C^>q 5 <(T^ can be nonzero. The breaks 
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SU(3) X SU(3) to SU(3) and to SU(2) Z U(1) corresponding 

to isospin and. tiypercliarge symnetiy, breaks isospin 

whereas <0^ break hypercharge as well as isospin syinmetiy. 
Since in the present work we will be considering only strong 
interactions, only <(J^>q and <(r^>Q are nonzero so that we can 
write, 


1 

f2 


( I + ^a^s) 


(3.7) 


When (7) is substituted in (4)^ 1.^ gives term like 
d^ 4 $and . ^77* take account of this mixing we write, 


yi. = rlu + ^^3> 

+ ^3 

are the new vector and axial vector fields 




(3.8) 


where y,, and z 




respectively. The coefficients- are to be determined such 


A 

that terms like 

/ 


and d^TTeoce absent from the 


lagrangian. This gives. 


and 


Hi = e ^138 VK' ^8ik fk38 4'> 

Hi = 8 V(m/ + g2 a.3j^ 


(3.9) 


In the pseudoscalar meson kinetic energy, there is 
mixiing between 0 and 8 component? which can be removed by 


introducing new 

and 

TCg fields through 

^8 “ 

00 

cos + 

sin 'f' 

il 

O 

CO 

1 

sin ^ + 

oosf" 


(3.10) 



The requirement that there should not be any terms like 

tai. 2y= .2 1^573 fg(VVir3)/(f^2f„Vir5-^5). (3-11) 

Since the substitution (8) modifies the kinetic energy of 
spin zero mesons, we introduce renormalized scalar fields 
s^ and pseudo scalar fields p^ through the relations, 

i = 0, . , 8 

i = I 5 7 (3.12) 

i ~ 0 9 8 


®i 


-1/2 

^s. ^i 


Pi = z: 


-1/2., 


Pi ^i ’ 


7-1/2 A 

’'i ’ 


and deteimine Z*s such that coefficient of kinetic energy 
term for s and p fields are — 1 / 2 . This gives, 

Zs, = 1 + qgj fjg^ /ml , i = 0, 8 


Zp = 1 + g^ECq+fg a.pg)2 + 2f|6.g/3j/ 


m 


( 3 . 13 ) 


i = 1, . 8 


1 


The S5niimetry breaking also modifies the kinetic energy of 
spin one mesons, ns before the renormalized vector meson 
field v^^ and axial vector meson fields a^ are defined 
through the relation. 
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The renormalization constants Z„ and Z, are given by, 

V ^ 

^ ^ -Y ^iiic \iin % 


T ■'^iak^^^iik ^^iik> ^0 ^1: 

1 + -^ '^iik ^klm 1 m 


(3.15) 


T ('^idk ■^^iok)^^ilk -^^ilk) ^3 %• 


In the effective lagrangian, there should he no terms 
linear in physical scalar field s. This requires that only h^ 
and hg are nonzero and satisfy the two conditions, 



- 1/^3 h^ = 0 , (3.16) 

Uo - p (fo V’^'5)+ * ^1/5) 

' /yv^ 

- ^ 3 /% = 0 » (3- 'IT) 

where, 

Ul =Uo* + 2f|) . (3.18) 

^(Wv' 

3-2 Particle Masses: 


In our model we have octets of vector and axial vector 
mesons and nonets of scalar and pseudoscalar mesons. We 
identify I = 1, Y = 0 member of vector octet with p {1^5) ■, 
and I = 1/2, Y = + 1 member with K*(890) resonance, For 
1 = 0, Y = 0 member there are two candidates, 4 ) (783) and 
1 ^( 1019 ). We will see that our model accommodates < 5 ^ as the 
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eight memher of the vector meson multiplet. It is in agree- 
ment with the general view that' belongs more to octet^^. 

The I = 1, Y = 0 member of axial vector octet is identified 
with (1070). In the region 1240 - 1400 MeV several 
I = 1/2, Y = + 1 peaks have been reported. Although spin 
parity assignments of these peaks are not conclusive but all 
the experiments favour l"*". We assume that one of the reso- 
nance in this region is to be identified with K,, I = 1/2, 

Y = + 1, member of the axial vector octet. As we shall see 

in next section that our model favours K, mass around 1310 

A 

MeV which could be identified v/ith the corresponding reported 
peak at 1320 MeV. For I = 0, Y =0 member of the axial 
vector meson octet, there are two possible candidates D(1285) 
and E (1420). Again spin parity of these two resonances are 
not, fixed but 1 is favoured over other assignments. Our 
model favours E as the eight member of the axial vector meson 
octet. 

In the pseudo scalar nonet, we identify, as usual, the 
I=1,Y=0;I= 1/2, f = i 1 I = 0, Y = 0 members with 
IX (140), K (494), (549) and (958) respectively. The 

situation about the scalar mesons is not at all clear yet. 
Some experiments suggest existence ofanI=1,Y=0 scalar 
meson, 6, at 960 MeV, but is not confirmed by others. Another 
possible candidate for this member is at 1016 MeV. Our 
model favours a scalar pion around 960 MeV, The question of 
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existence of scalar kaon is discussed by several authors. It 
may lie either below the K-it threshold or above it. If it 
lies below the lL-% threshold its decay mode would be 
Sg- -*■ Z + 2 y' which makes its detection difficult. On the 
other hand, if it lies around 1000 MeV, then the presence of 
nearly Z* (890) would make its detection difficult, A scalar 

kaon was reported in the range 1080 - 1260 MeT which is still 

' I 

in doubt. Our model predict a scalar kaon abound 1050 Me?. 

Zor the other members of scalar nonet i,e. I =0, Y =0, 

members so far no convincing experimental support exists. In 

2S 

literature , some authors while discussing the Z -* 3% and 

^ 3% decays have postulated existence of a scalar meson 

around 400 Me? with width 100 Me?, So far such a meson has 

26 

not been confirmed or excluded by experiments. Ihe reaction 

— + — 25 

TC p Tt Tc n has been analysed, by many authors who find that 

I = 0, s-wave u-it phase shift 6° passes through %/2 in the 
region 650 - 900 Me?. 'Although no method of ■jt-'n: phase shift 
analysis used is free from serious objections, the fact that 
all analysis find the s-wave phase shift 5° to be near u/2 
in the region 650 to 900 Me? is quite impressive. ' The 
width of this resonance is well over 100 Me?, Another possi- 
ble candidate for the 1=0, Y-= 0, member of the scalar 
nonet is at 1060, The predictions of our model for 

these members . are around 1100 Me? and 700 Me?. 
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The masses of the members of vector mialtiplet are, 

m2 , . 

"^o ’ (3.19) 

^K* ~ f^o 3g2f|/4] . 

The renormalization constants as given hy (15) are, 

= ■> + (h^+h2)Cfo+^8/T5)^/2 . 

Zjl = 1 + £^f3+5f^6)/2 

(3.20) 

+■ hgC fo+fg/T3) ( t„-2£g/f3)/2, 

20’’ = 1 + (hi+h2)(^-2f„fg/f5+^8V2 • 

The masses of the members of axial vector multiplet are, 

“!, = % <4 * s^c^o + . 

“I, = (4 * 4(t^ - ^8/^3)^) , C5.21) 

w;i i’A. 

mI = (m® + g2(f^ _ fg/Y3)2+2g2f^3). . 

where, 

- li2{fp.tf8/r3)(fo-2%/T3)/2, 

* < * • ' 

25 ^ = 1 + (h,-h2)(f^-2f^fg/lf3+^)/2 , 


As expected f^ splits the axial vector miiltiplet from the 
vector multiplet, whereas fg causes splitting among different 
isospin multiplets. 
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The masses of pseudoscalar mesons are, 

+ 3o;{f^-2fg/f3)/f2 + p(f^+fg/f3)2 , 

2 


Z“^M ^ 
K n 


Zg.’' Mg 


+ 3a(f^+fg/f3)/f2 

+ p(fo-fofQ/f3+7f^3) , 
M. 


12 22 j (3.23) 

Zg CMp )33 = cos ^ + M 2 sin y> - sin 2^* , 


Z"^(Mp)oo = sin^^+Mg cos^y^ + M3 sin 2^* , 

(Z 8 Zo)~"'^^(Mp)o 8 = (M^-Mg) 2 ^ + 2 M 3 cos 2'^ , 

where , 


“1 = Mo '*■ 3a(fQ+2fQ/f3)/r2 + p(f^-2f^fQ/V‘34f8) , 

Mj = - 6ayi/'2 + p(:^+2f|/3) , 

M 3 = IfJafs * Pl8<2f„-Ig/r3) . 

The renormalization constants as given hy (13) are, 

Z 

% 

\ = 
z = 

Since there is mixing in and pg fields, we define physical 
fields Vj and vy through the relations, 

Pg = cos Bp + > 2 ' sin 0 p , 

Pq “ -'*^sin Bp + cos Bp . 


1 + g 2 (f^+fQ/^ 3 )%^ 2 ^ 

1 + g2(f 4-fg/2ir3)Vmo , 

1 + g2(i2_2f Vf3+4)Ao 


(3.24) 


(3.25) 
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The requirement that there be no mixed terms»^v^* gives, 


tan 2ep = (a|)o8/((^),„ CM^)g8) 


(3.26) 


The yj and masses are, 


(3. 


The masses of the nine scalar mesons are, 

“s ° £0 - 

TC 

= /!f c - M Wlf3)/r2 + 3p(f2-ffgA-3+f|/3). 

(M|)gg= /til - 3a(f^+2fg/ir3)/f2 

+ 3p(i^-2fpfgAr3+f|)+«fg (3.28) 

(“s)oo= Mo + 3T2o^fo + 2f|)- + 6yf2 , 


(Mo) 


S^o8 


-.2r3afQ + 4r6^fj:^(f^-V2f3)+4r6)rf^f„, , 


“8^ o"-^& 


08 ’ 


where, . 


1 + 3g2f|/(4m2) 


(3.29) 


To take into account, the mixing of s^ and jgg fields, we 
define physical fields and Sv^’ , the mixing angle Og 
and the physical masses Mg^ and throiigh the equations 

analogous to (25), (26) and (27) respectively. 

Expanding meson masses in powers of fg and keeping 
only first order terms in fg, we see that meson masses 


27) 
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(squared) satisfy the Gell~Maun'*-.01nibo^'^ mass formulas, 

Mp + 3M^ = 4M^ , 

K * 3(l/f)gg = 41^ , (3.30) 

m|^ + 3CM|)gg = 4Mg^ . 

3-3 Determination of Parameters ; 

In the model there are eleven parameters m^, 
yU-Qj od, h, h.| and h 2 » All of them, except h, 

occur in meson masses. The spin one meson masses are func- 
tions of m^, g, f^, fg, and 1^2 whereas spin zero masses 
are functions of gjJLL^t ^ 3 > ^q> P ^ . In all spin 
zero meson masses, except those of Syj and S=»^t , the para- 
meters and ^ occur in the combination defined by 

(18). Moreover, g can be absorbed in other parameters 
such that particle masses, except those of Sjy and S)^», 
become function of eight parameters namely, m^, 

( = fsAo^’ ^ addition to 

these parameters, the S»y and Sj^t masses will involve one 
more parameter x, defined by, 

X = - 10 Y (3.31) 

In principle, five parameters can be determined from 
spin one meson masses. It turns *Qut that is a very crucial 
parameter in our model. The ire fore, instead of fixing\it 
from some mass, we vary it in a certain range (it is negative 
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Ta'ble I: 

Particle Masses 

(iji MeY) 

for Some 

Yalue s of 



( s ^ 

and S^, 

Masses are for x 

= 0 ). 


- 0.04 

- 0.06 

- 0.08 

- 0.10 

- 0.12 

Experimental 

candidates.^ 

M „ 

K 

933 

954 

935 ■ 

957 

939 

890 

\ 

1305 

1307 

1308 

1310 

1312 

1320 

Mv7 

i 

543 

549 

554 

559 

564 

549 

7 

961 

958 

955 

952 

949 

958 

■Mg 

% 

.1670 

1315 

1096 

942 

826 

1016 , 960 

Mo 

1741 

1395 

1187 

1043 

936 

1080^1200 

Mo 

D'v^ 

1488 

1139 

948 

822 

728 

650 ^ 900 

Mo 

1783 

1445 

1245 

1111 

1012 

1060 


a. Ref. 23 . 
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^ ^)» study the variation of various quantities 
and then select a value of ^ which gives the best overall 
fit, For other inputs one can take any four spin one meson 
masses, The eight vector meson can he identified either 


with ^ (783) or (1019). Similarly for eight axial vector 
meson, there are two possible candidates D(1286) and E(1420). 
Out of these four possible combinations(^( 1019) and E(l4-20) 
gives the best fit. Eor other two inputs, p (765) and 
A^(1070) are the best inputs. The remaining, three parame- 
ters are determined by taking M^, 11^ and as 

inputs. Then ^ is varied such that individual and masses 
are near the respective experimental masses, Tor some values 
of ^ predicted particle masses are given in Table I. (S>j>and 
masses for x = o). Prom the table, we see that the K*, 


K 


and masses do not vary much with^, however, scalar 


masses are sensitive functions of this parameter. Por a 


given 'I 


a value of x can be obtained from the knowledge of 
one of the S-y^ and Sy^t masses. It turns out, however, that 
%-% scattering lengths depend sensitively on x. Therefore, 
instead of fixing it from one mass about which experimental 
situation ,is not clear, the requirement that s-wave 1=0, 
%-% scattering length lie between 0 


/r— 1 


1 gives a range 


for X, With X in this range, the best value of turns out 
to be -0.098. The various masses for '5^= -0.098 are as 


follows, 



38 


Mg-* = 936 MeT 

* Mg- 

= 1310 JieY , 


M^ = 558 MeY 

» M^, 

= 952 MeY , 

(3.32) 

Mg = 956 MeY 

TC 

, M. 

= 1055 MeY . 


The Sf-j and Sy^, masses ( 

in MeY) for 

some values of 

X are, 

X 1.0 

1.1 

1,2 


1%^ 700 

685 

669 


1105 

1104 

1103 

(3.33) 

eg 15° 

14.5° 

14° . 


The values of other parameters are, ■ 



™o 

468.3 MeV 

9 


Sfo 

550.8 MeY 

9 



-2.9 , 


' • 

Mo 

/\r^ 

-0,114 , 

-2.486 X 10^ (MeY)^ , 

(3.34) 

a/g 

“75.1 MeY 

9 


y. = 

1.31 , 

4.3° , 



CD 

II 

-11.6° . 



The (16), (17) and 

(34) give, 



“ = *>8^0 

= -1.25. 


(3.35) 
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Tlie parameter ^ gives the relative strength of the vacuum 

breaking of SU(3) and of SU(3) X SU(3) whereas the quantity 

C is a measure of the relative strengths of- the corresponding 

intrinsic breakings. The latter is close to the SU(2) X SU(2) 

value (-f2) and is same as the value obtained by Gell-Mann, 

Oakes and Benner , The value of , howevea^ is nowhere close 

to the SU(2) X SU(2) value ('^ = -^3) but is nearer to the 

Sll(3) value (g = 0) which means that vacuomi is approximately 

symmetric under SU(3) and not under SU(2) X SU(2). The point 

of view that vacuum is SU(3) symmetric has been emphasized by 

28 

Dashen and Weinstein. ■ If the vacuum breaking of SU(2) X SCr(2) 
were also negligible, the masses of P and and of % and S 
should be nearly equal. The deviation of ^ from the 
SU(2) X SU(2) value is therefore a measure of mass 

difference whereas the deviation of 0 from the STJ(2) X SU(2) 
value is a measure of the pion mass. Comparing the experi- 
mental value of P- mass difference (/^310 MeV) with the 
experimental pion mass (>^140 MeY), we see that the foirmer 
deviation is expected to be larger on empirical groimds also. 

Our value of ^ is smaller than the value obtained by 

2R 

other authors, Glashow, Schnitzer and Weinberg ('^= -0.36) 

^ 14 

determined it from spin one mass spectrum alone, levy’s 
detemination from spin zero mass spectrum give ^ = -0,26. 
Gasiorowicz and Geffen^^ obtained'^ in the range -0.117 to 
-0.21 from the consideration of particle masses and meson 
decay constants. 
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in an earlier work?® we reported or some irrestlgatlor 
with this model With h, = h, = o. One of the prediction that 
follows from (19) is M,= ^hls case Vg ia naturally 

Identified with ^ (783). a this model the predicted scalar 
masses were in the range 400 - 700 MeY. Moreover, the situa- 
tion of spin one masses was also not satisfactory. With 
= bg = 0, one needs a value of g around -0.4 to fit spin 

masses whereas scalar masses aroimd 1000 MeV require a 
value of S around -0.1. 



CHiLPTER lY 



In this chapter, the eflectlYe lagranglan ard the 
parameters obtained in the last chapter' are used to study 
the strong processes of mesons. Sirst we consider meson 
decays Inyolvlng two particle (V ^ pp, a .. Vp^ A - PS 
S - BP) and three particle final states (A - 3P, P - 3P). 
Then the elastic scattering of a pseudosoalar meson by a 
pseudosoalar meson is considered, in particular we calculate 
the low energy parameters, namely, scattering lengths and 
effeotiwe ranges. All processes are considered in the ’tree 
graph approximation only i.e. no diagrams involving loops 
are considered. Ihe numerical calculations are done on 
IBM 7044 computer at lir Earpur. 
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4-1 Me son De cays ; 


The S operator is given by, 


S = exp( i/ d^x I^^(x) ) , (4,1) 

where is the interaction part of the effective Lagran- 

gian. Consider the decay of a particle N of foxir momentum 
q into n particles ... of four momenta ... q^ res- 
pectively, 

N(q) - N^(q^) +. ... + ir^(q^) . (4,2) 

The relevant matrix element is, . 

< N^(q^) ... I S i l!l(q) > = i(2Tx)^6^(q^ II. q ) 

i=1 ^ 

X(2tx)“^/2(2Bj^)-'’/ 2 f[ ((27t)“V2(2E )-V2) 

i=:| ^ 

X (N - ... F^) , (4.3) 


where denotes the energy of the i-th particle, y^| is 
the invariant matrix element to he calculated from effective 
lagrangian in the tree graph 'approximation. The decay width is, 


P = / ... / 


d^q^ 


d^q 


(2m)^'^-'^ 2Ejj 


i=1 


(2E.) 


-1 


X ( TOY E \m\^) , (4.4) 

spin 

/ 

where J is the spin of the decaying particle. In the follow- 
ing we will consider the final states containing two and 
three particles. 
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(i) T wo Particle Pinal States: 

Wlien the final state consists of two particle, one 
can perform momentnm integrations in (4) explicitly. The 
decay width, in the rest frame of decaying particle, becomes, 



Here M is the mass of the decaying particle and is the 
centre of mass momentum of the decay products .’given by, 

, (4.6) 

where and M 2 are the masses of the particles in the final 
state. 

Hirst we consider the decay of a vector meson into 
two pseudo scalar mesons, 

V(q.) - P^(lc^) + P 2 (k 2 ) • (4.7) 

The effective coupling for any process of the type (7) is 
of the form, 

VP P VP P 

1(VP^P2) = ig^ ^ >Pi9c<P2 - ^^2 ^ ^ >3uPiP2 
VP^P2 

+ig5 (^■^i/-9»'>)(^P-|5vP2 - 9yP'i^P2) * 

(4.8) 

The f-ull st 2 ?ucture of the VPP interaction lagrangian 
l(VPP) is given in the appendix. .After performing an 
integration by parts on the last two terms of (8), L(VPP) 
can be written as, 



L(7PP) = i(g^^ + + 2q2g^^) ■^p^d^P2 . (4.9) 

coupled to a conserved current (e.g, ^ , cj^ ) , 

2 

g-j - g 2 and for q = 0, we obtain the universal SU(3) value 
for the effective coupling apart from Z's of vector mesons. 
However, when , is coupled to a nonconserved current 
(e.g. Z ) g^ f ^2’ effective couplings are different 
from SU(3) value. This is due to the different field mixings 
and renormalization of fields corresponding to particles in 
the final state. The matrix element for the process (7) is, 

W(V -> PP) = (g^^ + e.k2 , (4.10) 


where £ is the polarization vector of vector meson. Now, 
2 l^(V-PP)j2 = (g^^+g™-2M^g^^)^ 


spin 






Consequently decay width given by (5) is, 

^ T)•D^ - "I GM . TPP.^VPP ,,,2„'VPPv2 

r (^■*51') - ^ -2M^3 ) . 


v 


(4.11) 


( 4 . 12 ) 


Next we consider the decay of an axial vector meson 
into vector and pseudoscalar meson, 

A(Q) = Y(g) + P(k) . (4.13) 

■50 

The matrix element for this process is , 
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where ej, ard tf, are the polarizatloh vectors of vector and 
axial vector mesons respectively, C-g and are the conpl- 
Hig constants corresponding to S-wave and l-wave decay of the 
*V0c*fco3!? 1210 son# HoWj 

sSa = {esa/*'^Vve/<)(Ss5pa'"VpV 

= '^sC+4X) -'2SsWcm(4i+4)’'''%T 

■ (4.15) 

The decay width is obtained from (15) by multiplying, 

k^]yf/247tM| •. (4.16) 

The effective coupling for any specific process of 

the type (13) is of the fom, 


I(ATO) = 4'^a^>P+st™(y,.-8.;>)(^e^p-a^,8^p) 

'iV? 

+§5 ( ^ ay-8y 3 ^) ( y, 6^ p- Vy y^p ) 

AITP / 

+§4 (^ay-ej/y^)(8^Vy-.8y-y,)p , (4..17) 

Integrating partially, last three terms of (17), we obtain, 
on the mass shell of particles involved. 




G- 


= -2 (4™ t 4^ . gAW, _ 


(4.18; 


1.62 ^3 ^4 

Other two particle decay mode of axial vector meson i£ 


A(Q) - P(p) + S(k) 


(4.19) 
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The relevant coupling is of the form, 


I(ilPS) = - g^^a^P^^s 

AP ^ 

v-Sy^) * (4.20) 

A partial integration on last term reduces (20) to, 

L(.iPS) = - 2Q^g“®) a^^ps . (4.21) 

The decay width of the process (19) is given by, 

n(A-PS) ^ {gfS^gfS. 2 , 4 gfS )2 . ( 4 . 22 ) 

A 


,APS, 


Another two particle mode of interest is decay of a 
scalar meson into two pseudoscalar mesons, 


S(Q) -> P(k^) + P(lc^) . (4.23) 

The effective coupling for such a process is of the form, 

sp.Pp sp.Pp 

L(SPP) = g., ^s^p.,P2 + g2 ^ap.j^P2 

sp.,P2 sp.pp 

+§3 ^4 ®PlP2 • (4.24) 

When two pseudo scalars in the final states are same then 
spipp sp-jPp sp..|P2 sp^Pp 

g..j = g 2 otherwise g^ ■ g 2 . This is due 

to the different field mixings and renormalizations corres- 
ponding to the different particles in the final state. The 
effective coupling constant on mass shell is, 


=eff 




SP-jPj 


M 


2 sp.,P2 


2^2 


1 

2 


(Mg-l^-lvi 


:)(g 


sp.jp2 sp^P2 


g 


1 


-g2 


sp.,p. 


)+g 


sp.,P2 

4 


(4.25) 
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Table II: Decay Widths (in MeY) of Two Particle Decay 
Modes of Vector and Axial Vector Mesons. 


6 

0 

• 0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

Experimental 

valued 

P -*%% 

83 

94 

105 

117 

129 

142 

156 

125 + 20 

* ■ h 

K -Ku 

43 

47 

51 

56 

60 

65 

99 

50.1 + 1.8 

4 

2.05 

2.49 

2.98 

3.51 

4.08 

4.49 

5.35 

3.2 

d 

222 

199 

177 

157 

137 

119 

102 

95 + 35^^ 


2.2 

3.2 

4.3 

5.6 

7.0 

8.6 

10.4 


JrL 

557 

471 

392 

320 

256 

199 

150 



34.4 

23.2 

14.4 

7.7 

3 

0.5 

0.1 

79 + 13^ 


3.4 

5.6 

8.4 

11.9 

15.9 

20.4 

25.6 



3.1 

5.1 

7.7 

10.9 

14.5 

18.7 

23.4 



E -K K 

66.2 

39.2 

19.2 

6.2 

0.4 

1,8 

10.0 

17 + 2 


7.8 

14.1 

22.2 

32.1 

43.8 

57.6 

73.2 

34 + 4 

-■js/ 

5 

8 

12 

19 

25 

33 

44 



a. Ref. 23. 

b. If experimental K mass is used in phase space, widths 
quoted will be multiplied by 0.8. 

c. The quoted widths are total widths. 

d. Widths are giiren for x = 1.1. 

e. Width given here are calculated with experimental K* mass 
in phase space. 
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The decay width is, 

I ’(s -* + Pg) — S0£^Qj|/(87i:Mg) . (4»26) 

The allowed two particle decay inodes of vector mesons 
are f> -* TCTC K*->-Ktc, and (j) -♦KK, those of axial vector mesons 
are (PtCjTcS^, - (pK, K*7u, KS-;^) and E -* 

TtS^) and that., ■ of scalar mesons are ^ "* 

and (TtTc, KK) . The decay widths of vector mesons are 

fimction of two parameters g and. 6 where the dimensionless 
parameter 6 is defined hy, 

6=M%h/g . (4»27) 

I 

We will see in the next chapter (see Eq.. 5.23) that 
the value of g is, 

g^/4% =1.16. (4.28) 

With this value of g, we have, 

rep-* TC^) = 83.1 + 51.46 + 8.06^, 

P (K* - Kn) = 43.1 + 19.36 + 2.26^, (4.29) 

P (<p - KK) = 2.05+ 2.106+ 0.536^. 

The widths for some values of 6 are given in Table II, The 
experimental p— "width is obtained for 0.4 4, 6 1.0. Eor 
this range, the K* - Kit width is larger than the experimental 
width. The reason for a larger width is that in the calcula- 
tions, the predicted K mass is used. If, however, we use 
experimental K* mass then the Z* width is multiplied by a 



factor of 0.8 so that the correct experimental width is 
obtained for 6 1.0. However, we regard the widths quoted 

above as the true predictions of the model because once the 
parameter of the model are fixed, values of masses as well 
as coupling constants automatically follow. It is interest- 
ing that without the ninth vector meson, mixing of which 
with will alter its width, our model predict correct 
value for the (f) width. 


The decay widths of those modes of axial vector 
mesons which ’ involve S^in the final states also involve the 
parameter x, The widths which depend only on 6 are as 
follows: 


p 

(A^ - 

■/Ptc) = 

222.2 - 

119.26 + 

16. 

,26'^ , 

r 

(K^ -pK) = 

34.4 - 

60.56 + 

26, 

,66^ , 

r 


kI) = 

557.2 - 

450.66 + 

92. 

.26^ , 

p 



3.4(1 

+ 1.56)^ 

9 


p 

(S ~ 


^ 7.8(1 

+ 1.76)^ 

• 



(4.50) 


Hrom phase space considerations E — K K decay is 
not allowed in our model. However, if experimental K mass 
is used in phase space, the width of this decay mode is. 
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ihe widths of other modes of axial vector mesons are, 

p(A^ - TxS^) = (1.+ 0.976)^ , 

. - KSy^-^ = (1 + 1.466)2 (3.07^J^) , (4.52) 

• r(E ->7Sy^) = (1 + 1.726)2 (4.5^;^) . 

The above widths are written such that value with + sign is 
for X = 1.2, without + sign for x = 1.1 and with - sign for 
X “ 1 . 0 • 

The decay widths of allowed modes of axial vector 
mesons for some value of 6 are given in the table II. It 
present, the widths of two body decay modes of and are 
not known. The experiments measure decay widths of their 
three particle modes i.e. A^ -* 3^ and -* Inn, therefore, 
one should compare the widths of three particle modes with 
experiments. This will be done in the next section. It is 

interesting that the p tc mode of A^ is dominant. This is 
expected because p band covers most of the Talitz plot. 

If one assumes that most of the A^ - 3% width is due to p m 
mode then our model favours 6 between 0.8 r-' 1.8, The 6 
around 1 is also favoured by the V-*PP width. 

The v/idths of St. and S are, 

7U 

Experimental Talue 

p(Sg--Kn:) = 125 MeV, <-^400 MeV 

p (S^ -V^7t) = 53 Me¥, 5 MeY 
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whereas Sj^ and widths for some value of x are, 

Experimental Value 


X 

0.9 

1.0 

1.1 

1,2 


P (S^^ TCTc) 

380 

425 

473 

525 

Well over 100 

P (S^/-^ Tcm) 

12 

16 

22 

28 


p(Si^'-* KIC)‘' 

1.7 

4.0 

7.3 

11.6 


In the 

■'last 

few years, 

■ p.'n'K 

and 

couplings have 


been discussed extensively in the literature. It would not 

be out of place to give a brief review of these work and 

compare with our results. The application of current algebra 

■5 ■) 

and soft pion techniques to -*l?% and p -* %% system gives , 

2 ,, 


Gg = =2g, 


&!) - 0 


( 4 . 35 ) 


To obtain the second .equality in Gg, we have used (3.19)» 

(5.11 ), h.j = hg = 0 and = 2Mp , The coupling constants 

given by (53) gives 800 MeV for the A.| width as compared 

to the experimental total width 95 + 35 MeV, , In deriving 

(33) j one assumes that four momenta of the pion to be zero: 

it amounts to equating A.| and p masses which is a rather 

large extrapolation. To improve upon the current algebra 

■52 

result two techniques'^ ’ , within the framework of current 

algebra and PCAC were developed simultaneously. Other thing 
common in these two approaches is use of Weinberg sum 
■rules^^. In one of the approaches'^, often known as semi 
soft meson technique, it is assumed that some of the form 
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factors in the matrix elements < ; 7 t°l j > and 

I 1 "t ^ obey once suhstracted and other uasuh- 

stracted dispersion relations. The saturation of these 
dispersion relations hy rele-vant spin one and spin zero 


mesons and the limit - 0, gives p -rcn; and couplings 

in terms of one unknown. This constant when determined 
from the p width gives reasonable value for A^ -‘•pit width. 

In the other approach^^, known as the hard meson techri.iq.ue 
(because all the particles are on mass sheli and so not soft), 
one starts with the consideration of vacuum expectation 
value of tine ordered products of vector and axial vector 
currents i.e. < O] |0 > . These three point functions 

are related to two point functions through the Ward identities. 
As before these two point functions are approximated by the 
relevant spin zero and one meson poles. Further the assump- 
tion that A..J - A^ -p vertex is almost linear in momenta 
(smoothness assumption) gives the A..jP'n; andp-rcm vertex again 
in terms of one unknown. 


Our p%% and A^ p-rc vertices with h^ = hg = 0, are 

•Z 'Z 

in agreement with the hard meson calculations^^ and those cal- 

55 

culated from the effective Lagrangians. Other AFP vertices 
are different from those calculated from the SU(5) X SIJ(3) 
generalization^^ of the Schnitzer-Weinberg approach. The 
difference arises mainly because they assume conservation 
of strangeness changing vector current. When it not conserved 
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it modifies Weinterg first sum rule which plays an important 
role in these calculations. 

For 6 , around 1.0 the decay of -* pn is predominantly 
S-wave type (M^ = -0.54 for 6 = 1 ), a feature shared ’ 

by effective lagrangian calculations^^, hard meson calcula- 
tions, Quark model calculations''^' and calculations based 
on super convergence for A^p plus current algebra^®. 

In contrast, the calculations with theprc - pjt superconver- 
gent svim rules and with semi soft pion techniques'^ pre- 
dict it' to be predominantly D-wave decay. In our model 
for 6 = 3.4, A^ -^pn decay is purely D type. A recent expe- 
rimental measurement^^ of angular distribution of 
gives, 

I I Sjj I ~ 0.64 + 0.25 . . ( 4 . 34 ) 

This means that 6 lies between 2 . 2 2 . 8 . This result dis- 
agrees with the predominant D-wave and predominant S-wave 
pict-ure. In the light of this measurement attempts were 
made to modify the hard meson calculations^^ . In particu- 
lar one drops the smoothness assumption. Instead of requir- 
ing that A- A-p vertex is linear in momenta one constructs 
most general tensor of rank three out of the three momenta 
available in the problem. This vertex on proper manipula- 
tion gives p-it-n and A^ - p - n vertex in terms of two 
parameters. In the language of effective lagrangians this 
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generality can be realized by constructing invariants sucb 
that one obtains couplings involving trilinear and bigber 
terms in momenta. Ibis means that v/e must ha’ve combinations 
where two and one occur together in at least one 
term in the lagrangian. 

(ii) Three Particle Final State : 

let us now consider decays of the following type, 


N(q) - ^ ^^(^3) 


(4.35) 


The decay width for the processes of tsrpe (35) can be calcu- 
lated from (4). The width is as follov/s, 

•1 1 1 

p(M^N2N^) = 2J+T ^ ^ 2Ep ^ 


(q-q^-q2-q3) 


spin 


1 1 


2J+1 (2tc) 


-L / dE, / dE. S (4.36) 


spin 


The limits of these integrations are^ , 




min ^1 ’ 


'2iMax U 
Min 


[(M-E^)U' + ^(E^-M^) (U^-2U(M2+m|) 

+ (Mg-Ml)^)]''’/^] 


(4.37.) 


where 


U = - 2M^ E^ + . 
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We shall consider the following three particle modes, 
(i) - 3 tc, (ii) to, (iii) E - (iKit, and 

(iw) Ibe tree diagrams which contribute to the 

indiT/idual processes are given in Eig. 1. 

Eirst consider the decay of A^ meson into three pions, 


that is, 

A^(q.) -rcCla^ t" ii<%.)+Tt(q.Q) . 

Erom isospin Invariance, the matrix element 397 this pro 
cess can be written as, 


In = “1 ®Aa + “2 *Ab «ao + Vao ^ab> 

Where, A, a, b, c are the isospin indices for A^ and pions. 
Itirther, from the symmetry of (59) we have the following 
relations among'' M -j ^ 2,3 » 

“aCla- %- 

Now M- can be further decomposed as, 

^ A -^1 

M^(V It,. 1 ^) = V 'lb- lo' “s 

+ II!^''(q^, <lt,, I;.) •, 


In writing (41), also throughout this section, the 

following notations are used. The superscript on M denotes 

the decaying particle and subscript stand for the intermediate 

"^1 

■particle connecting two vertices, for example are 
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tlie contribution from p intermediate state and (S^, 
intermediate state respectively. If the subscript is c, it 
denotes contribution from the contact term. Using the 
effective lagrangian for various vertices we obtain, 






X (e.q^(g^ ) 


9a+<le)^«^ 

A^^ItTC A^pTi ^ 


Ajp% A-rprn: a,. 

+ 2e.<i^,q.(4„-<ia)g,^ +e.q.o(-gi 


A-pm: 




A^p-n; A-|P-n: 

- Sq.q^g^ -^4q.qg^g^ )) , 


A 


Ks’(V 1b> 4o) = 


— i£ • q,. 


Sy^% S] 


(4o+%) 3„ 






f2^„ “f 






A 


*cK’ %’ io) = -ie-(Vio>ei 


AnTCTtm 


+ i(e . Ic^a- 'Ib'^ * ^c^ ^3 




- “1,8 -la®? 




A^itira 


- i(e.q^q.q^+€,qQq.q^-2e.q^q.(q^+q..{5))g^^ . (4.42) 

Ihe matrix element for the decay A° -*• n:°n:\” and 




3% are, 

oo+~ _ M 

tn ~ ’ 


m 


0000 


(M^ + Mg + U^)/f3l f 


(4.43) 
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where the factor Y3l appears because of identity of three 
We see from (39-43) that to il° - 37 ^° only scalar 
meson intermediate state contribute whereas to A° 
mo-de all the diagrams contribute. 

Next consider the decay, 

K(k) + TiCPg^) + TuCp-j^) . (4.44) 

Prom iso spin invariance the matrix elements can be written 
as, 

^ " Xk. ^^ab^^ T" k'a’ dbl 'Xk^’ 

where and)(,g-^ are the two component iso spin wave func- 

tions for K and respectively. As before and M" are 
written as, 

= Mg* + Mg + Mg^^ + » 

^ K, 

M” = Mg* + Mg + M + M” . 

In the decay, there can be three different charge 
states i.e.- , K’^-rc^m^ and K°Tt’^Tc°. The matrix elements 

for these processes are, 

)f3^(K^ - kW") = M"^ + M" 

^(K+ - kW) = M^/l/-2 (4.47) 

^(eJ - = M" , 

ix 

where appears due to two identical 71 :° ’s. The total width of 
is the sum of widths of these three mode s^ Using various 
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couplings from appendix we obtain, 


± K, 


* ^a* i ^a^^^ ^b 


Pa» Pb^ ~ Pa^Pb 


K,', ie.(p +p,) K,S«7t p K.S„7C 

»s“ = VV ^ ^ ) 

(Pa+Pb)"+M|^ 

Q S^^TUTt SjrtTETC S^TIH 

X ((Pa.Pt-M^)g/ -Pa-PbSj )+S^e^Y 

*p'(fc. Pa. Pt) = ' ' ^-^■- ■■ - Cgf’'+(Pa+Pt)^g?’'") 

(Pa+Pb) 

K^PK K,pK E.PK Kvf^E 

(g^^ , Hlc.pggg^ -2q.(]£-p^-p^)gy^ +4p^-9g4'" ) 


- Pa^> ^b ’ 

K^Ktitc K-Kttti 9 K.EmTt 
= le.kCg^'" /z-gg"^ -M£«6 ) 

A 

K , Kir-n: 

+ i(e.pg_ic.p^ + e.p^k.pg_ - 2e.kpg^.p^)g^" 

K,K7CTC 

= 2i(e.p^k.p^ - e.p^k.pg_)g^-" 


2 


— 2i(S*p^((j — 2 c3_*p^)+ 6 «p-|^( 2ci*p^— q[ ))g0 

+21 ( q . p^e . p^-e .Paq. Pt ) gg^ - le . ( Pa-Pt ) 8i 0 


where. 


(4.48) 
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K. 




i/2 




K.K*tc 

(e.Pa( 2 gg(p^.p^g 2 \ 


K^K^te 




E;.K:* 7 t 


+ a.p^g 3 - +a.PT 3 g 4 ^" ) + g^(-g^^^ - 2 Pa-PbS 2 


V 


k,e:\ 


K.r-Ti: K.K^ 5 K.Kn 

+ 2 q.(Pg^+k)g,-^ - 2 q.p^g^"" ) + + 2 M^ 

' . . -iL 

^(ggM^+gYMg-— k.p-j^(gg+g^)/Mg*) ) + 6 .p-j^(gg— g^) 


) 


K,K*Tt 

ii 


E;,K* 7 t 


. lU X\.A. 

X(g^ + 2 p^. (p^+k)g 2 "^ ^ 


K,,K*k 


Z»K*it 

2q.p^g3''‘ +2q.(p^+k)g^ )), 


K 

Mg"^ (k, P,, Pv,) = - 


iS.p /2 K^STr-TC 2 

(g/ ^ +g2"^ ^+2M|^g3^ ^ ) 




^ 2 ^ _Sg.K 7 t 


x((k.p^-M|)g^^ +(k.p^-M^)g2^ -k.p^g^^ +g^^ ) 


Sj^Kte Sj^Eir 


Atz 


Z*Kn 


gg = g^ +k.(k+i^)g^ , 

Alt £' 

gy = g 2 -Pi^. (k+p^)g 3 


Alt 


In the decay E — KZit i.e. , 

E(a) - I(kg^) + K(k^) + 7c^(p) , 
the matrix elements are written as, 

W(E - KKit) = ) 6 |^ , 


(4.49) 


(4.50) 


wheia/^ 's are two component isospinors. In the final state 
of E decay, there can be four different final states namely, E 
(lffi°it°, K‘^K;“it°, K'^'A", K^ETit'*'). Erom (50) we obtain, 


^(E -> rK°%~) =^E - K'^K”7t*^) = f2|3?(E - 1°A°) 


= f 2 '}l 7 (E - A"it°) . 


(4.55) 
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Therefore, width of E is six times the width of E 
We again write, 

M = Mg* + m| + ]y^ + , 

K ^n; 

The various contributions are, 

Di^* = M^^* (p, k^, k^) + k^f-) k^^ , 




(4.52) 


a’ 


a' 


% 


= Mg^ (p, k,,) + , 

■ iC.p ES n; ES % ^ ES 'ti; 

^ •TP •TP “* 


(q-p)^+l/£ 

Tv 


(g^ +g2 +2M^g3 - ) » 


oSKS" SKKSKK SKK 


M- 


E 


EKZu EKKti 


EKKtt 


■i6.p(g^ —S>2 ^ 

- i ( e . pkg_ . k^-e . kg^p . k-j^-e . k-j^p . kg_ ) g^^”^ 


where MT^*(p,k^ ,k, ) and (p, k„, k, ) are obtained from 

JL a D -r-T- ^TT O' C) 


(4.53) 


K 


Mg* (k, p^, p^) and Mg" (k, p^, p^) , defined by (47), re spec- 

K 2 2 

tively by changing k«-^p, p^f^^ k-^, Mg^<-^ Mg and 


ka :k 


using appropriate coupling constants for the E - K*K vertex 


The other three particle modes of E are, 
E(q) - (k) + •rt(Pa) + 'rc(p^) 

- ^^'(k) + •rt(p^) + 7i:(p^) , 

The matrix elements for E -» ^ir-n: decay are, 


(4.54) 
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•(E ■*^%%) = 2 +Pa.‘Pb^S3^ -S^* ) 

(Pa+Pfc) +“1, ^ 


i^TCTt E^S)a E>fSi7 o EnS^ .. 

*S^ )(g/ % +S&|g/ 5+s 


4-f 


ie.p /2 p • s, 

+ r— C(M^k.Pt)gi’' 




2 ? 

(k+p^)^+Mg 

TZ 

2 S Mn: 


+(M^ +k.p^)g2^’^^-lc.p^g3^’^%g4^’^^) 

EirS^ EtiS^ P EitS^ 

3c(g-, ^+g2 '^SMgg^ . ^)+Pgjf4p^ 

Emtc ■ ’Evm% 9 EvmTu 

+ie.k(2g^^ -gg -2l|g3^ ) . 


(4.55) 


The matrix elements for E -* 91 ^'%% are obtained from (55) 
by changing coupling constants from corresponding ^’ 


coupling constants. 


The matrix elements for the process, 


Vj'{q) -»»^(lc) •rt(Pa) + 7t(p-5) 


(4.56) 


4 p SWCTI ‘-'•yint 

vn (y (“,61 +Pa-Pb(s 3 ’^ -si ) 






(k+p^) 

P n's Tt , 

+(M^+q.p^)g2' ’' -q.PaS,' 


2 *if Sn-Ti: 

(Mi^+q..p^)g^ 


=3 ®4 ■' 
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) 


Table III: Decay Y/idths (in.MeY) of Three Particle 
Decay Mode of Axial Yector Mesons for 






Some 

Yalues of 6 

and 

X = 1. 

1 . 










Experimental 


6 

0 

0.2 

0.4 

0,6 

00 

1.0 

1.2 

valued 

Ai 

- 571: 

188 

177 

163 

148 

133 

1 19 

104 

95 + 35 


- Ktitt 

140 

133 

126 

119 

112 

106 

101 

79 + 13 

E 


30 

53 

82 

118 

161 

211 

267 

69 + 8 



23 

26 

29 

32 

33 

3^ 

43 

^ 4i 



0.5 

0.6 

0.7 

0.8 

0.9 

l;0 

1; 1 



a; 


Ref; 23; 
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*lS tt: p . Ti 'jt 


x(M2.k.p^)g| ^ +OyE^-k.Pg_)g^ '''"+k.Pg_g^ ^'"-g| ''")+PgHP-b 

>7’»^X7!: 

1 

-2Pa-PteT‘?'""+2«^'’”) (4.57) 


+(2k. g.g^' ' +4.(Pa+Pt,)s^'^”-k.Cp^+p^,)g^'7’‘”’ 


How while calcxilating the three particle decay widths 
nimerically it so happens that some of the propagators, like 
K , Sj^ Sj^, etc, become singular at some point inside the 
range of integration. In order to avoid singularities we 
make finite width approximation, that is in the propagator 
one makes the substitution M -* M - ifY^ where M is the mass 
of the intermediate state and pits width. The - 3 tc, 

® ”* widths are functions of both x and 

6, E - KKn is function of 6 and is function of x 

only. The widths for some values of 6 and x = 1.1 are given 
in Table III. The variation of A 


■1 


371 and -* Knn widths 


with X is negligible. The E -*y^TZTz v/idth is changed by 2 MeT 
if X is changed finm 1,2 to 1.0. The p for some 


values of x is, 

X 

1.0 
1 .1 


P ( Tfrt ) 

2.40 
1,68 
1.09 


Experimental 


< 2.4 


1.2 






' to TT - TT 

c scattering respccitveiy 
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The experimental -» width favoiirs a lvalue of 6 
between 0.8 and 1.8. In - 3n decay intermediate state 
graph alone accoxints 99 percent of the width, in contrast to 

42 

other work-s who finds that 3% direct tem contribution is 
about 40 Me? to A^ 3n width. It also differ from the cal- 
culation who find significant scalar meson contribution. In 
-* Knn decay dominating contribution comes from the K* state. 
Since -* K % and K -*Kit widths are large one would expect 
large K-, -*■ Zmc width. The small width is indicative of the 

il 

fact that there is significant interference between various 
contributions. In E ->■ KEtc decay dominating contribution 
comes from the graph with S intermediate state. In this 

TC 

mode, the width depends strongly on 6. The reason of this 
is that K* intermediate contribution vary slowly with 6 whereas 
S state contribution depend strongly on 6, 

'ft 

■^-2 Pseudo scalar-Pseudoscalar Scattering; 

low we shall consider the elastic scattering of a 
pseudoscalar meson by a pseudoscalar meson; in particular 
% - %f I. - % and K - K elastic scattering. The diagrams which 
contribute to these processes are given in Pig. 2, Por the 
process, 

where quantities in the parenthesis denote the four momenta, 
the scattering amplitude T(s, t, u) is defined as, 
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< > = Sfi 




(27tr'Vrt6E E,E E,) 


a D C a' 


where. 


s = - (q^ + q>,)' 


u 

t 


('I. - 5 




These satisfy the relation, 
s + t + u = 

In the centre of mass system -(SO) -hecomes, 


[2 + j , i 2 ^ -^2 

a u c a 


(4.59) 


(4.60) 


(4.61) 


s = (E^ + B^)2 = , 

u = (E^ - E^)^ - 2q^jj(1 + cos 0) , 

■fc = -qoM^”” “ ’ (4.62) 

where and 9 are the centre of mass moment-um and scatter- 

2 2 2 

ing angle respectively and E^^ " ^CM conven- 

tional scattering amplitude F(¥, cos 9) related to the diffe- 
rential cross section through the relation, 

d(p/dJI = j E(W, cos e) , (4.65) 

is related to T(s, t, u) through the relation, 

E(¥, cos 0) = ' ( 2 ) ' ^ '^) > (4.64) 

where the factor of 2 in ■bI^acket appears for % - % and K - K 
elastic scattering because of identical particles. The sign 
of right hand side of (64) is determined .such that imaginary 
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part of T satisfy the optical theorem, The partial wave expan- 
sion of P(W, CQs 0) is, 

oo 

F(W, cos 0) = U (21+1) !.(¥) P-,(cos 0) , (4.65) 

1=0 -L J. 

In the elastic region, the partial wave amplitude f]_(W) are 
related to the phase shifts, through the relation, 

f^(W) = e^^^ sin 63_/iql . ( 4 . 66 ) 

The scattering length a^, which is the value of partial wave 
amplitude f^(W) at zero energy, and effective range r^^ are 
defined hy the threshold expansion, 

Re (f3_(W))-'^ = a£^ + r3_ jqj^/a . ( 4 . 67 ) 

(i) % - % Scattering : 

The amplitude T(s, t, u) , for the process, 

from iso spin consideration can he written as, 

T(s, t, u) = A(s, t, u) 6 ^^ + B(s, t,- u) 6^^ 

+ C(s, t, u) ^hc ’ ( 4 . 69 ) 

where a, b, c, d are the isospin indices of the pions. It is 
clear from the above decomposition that the amplitudes A, B,C 
satisfy the crossing relation, 

B(s, t, u) = A(t, s, u) , 

G(s, t,\u) = A(u, t, s) . ( 4 . 70 ) 
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The s-channel 1=0, 1, 2 iso spin amplitudes are 

related to A,B,C through the relation, 

T^ = 3A + B + C , 
t”* = B - C , 

T^ = B + G . (4.71) 


In the tree graph approximation, p, , S,i^, exchange £ 
and a contact term contribute to it - •£!: scattering. Using the 


effecti-ve couplings from the appendix , we obtain (on mass shell), 
A(s, t, u) = {(g(j^^ + ug^^)^(s-t)/(M^-u) + uOt| 

+ ( ^( (M 1^- s ) +S Si^f I + 8g!f^ ) 

+ 2g5^(s-2Mf)+2g5’^(u^+t^-2s^-41!?(u+t-2s)) , (4.72) 

^ Tw Tu 



The first curly bracket is from p graph, the second curly 

bracket is from Si^ and S^i exchange and remaining tenas are 

0 2 

from contact term. Bor s-wave only T and T are nonzero and 

-i 

for p-wave only T is nonzero, due to Bose statistics. The 
s-wave scattering lengths and effective ranges which are 
obtained from (64), (65), (67), (71) and (72) are as follows 
(notations: a^j) > 
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(4(gf )^/m| + 2gY) + log!;’' 

^ S»^e->S*^ ) , (4.74) 

47t]vrao2 = -f1^((gf’')2/M^ + gf ) + 2g’;’^ 

) j (4.75) 

2^vl^((aoo)^roo-aoo/4l2) = _E^ + (E 2 + S^f^S^,) 

-(^7i (Xb +>^c) + S^, ) , (4.76) 

47i:M^((ao2) ^02~^02'^‘^7i;^ ~ ~^1 ^^2 S^, ) , (4.77) 

where, 

>0 = +:),^ , 

E-l = 3(g5®®)^/Mp + 2g|’' - 4M^(gf'“>lj,+3M^g3”^2)/l^ , 

= gf” + 2Mf, gf"" , 

^2 = +;S,g/M^)/M2^ . (4.78) 

The p-wave scattering length and effective range are, 
24'liM^a]^ = {2g|'“+8g™M®+(g^’'’')VMp +2(E2 /mL + S.j<-»S^) 

+ 2Aj, Ae + 4M^g^“;) j/M^ , (4.79) 

and, 

3T:M^((a.,.,)2r.,2-ail/M^) = -2g^’^+4M^(g^’'-M^^’')^/M| 

• - 4gf - 2A;(A^+2gf’'’') 

+ ((2-^ + Mg^\)VMg^+ =Sv-^ Sy), (4.80) 
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where, 

= S?”" + 41^ gf"’' , 

= \/(Hp-41^) • (4.81) 

Let us consider the first term in a^Q in (74) using 
(3.19)» (3.20), (3.24), (5.1i) and appropriate coupling 
constants from appendix, it can be written as, 

( 21 ^/p 2 ) (o|ii2 + 0 )) (8-o/i^) = TM^/P^ , 

if Hq = 0 (4.82) 

where, 

c = ‘ 

44 

This is the soft piou result obtained by Weinberg . The 
condition used is nothing but KSRi'^^ (Pp = 2F^ Mp , dis- 

cussed in next chapter). Similar manipulation on first term 
of (75) gives the soft pion results e.g. , 

16^^02 = 

The leading term in the expansion of the first bracket in (79) 
in powers of M is the current algebra result i.e, 

TC 

2 ■■ 

24irM = S'” . Thus, in our model, one obtains soft pion 

TC I I It 

result, for s- wave, only when the scalar meson contribution and 
contact term contribution proportional to g^^ are neglected. 

Experimentally, there is little knowledge on -ji-Tt 
scattering. The anal 3 ^sis of experimental data on l!^-ni;"^-n;"e''v 
decay gives'^^, • 


“u *00 


0 ♦ O p: 


(4.84) 
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s and 
for 
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47 

whereas another analysis gives, 

\ ^ 0.71 + 0.37 . (4.85) 

48 

The measTirement^ of total % - % cross-section and angular 
distribution of pions give, 

M^jaool = 0.-52 + 0.06, = 0. 17 + 0.02. (4.86) 

The absolute sign of aQQ remain undetermined. The study of 
inelastic scattering Hit -+ Hitit although do not measure a^Q and 
^02 their ratio can be determined. These mea- 

surements give"^^, 


and 


50 


^Oc/^02 ~ - 3.2 + 0,1 
^00‘^®'02 ~ -3. 1 + 1.1 


(4.87) 

( 4 . 88 ) 


The a^j are function of x only whereas r^^ and a^ ^ 
are function of x and 6 both; however, the , variat ion with 6 is 
small. For those values of x, for which varies from a 

small negative value to 1 and for 6 = 0 the scattering lengths 
and effective ranges are given in the Table IV. We see that the 
variation with x is quite significant. The contribution of 


first bracket in (74) to aQQ is 0.175. Apart from this, there 
are three other contributions, a.r, from inteimediate state, 
ag^, from state and a^Q proportional to . At 


X = +0.9 a^Q is dominating (M^ a^Q = -7.572, “ 4.985 


and M a-g » =2.211) so a^g is negative. How as x increases 


a^g and ag^ increase and ag^, decreases. Since rate of 
variation of Sg^ is faster than a^^g, around xw 1.07 these 
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contributions, although large individually, cancell out giving 
current algebra re suit. Such cancellations have also been 
observed by authors of ref, (51) who, however, have only one 
scalar meson at 750 MeV or 900 MeV. As x increases further 
ag^ dominates giving large Uqq, Similar is the variation in 
aQ 2 » 1^ p-wave scattering length a^^ the P contribu- 
tion is + 0.055j contact term contribution is - 0.02 and 
rest is from scalar meson. Therefore, for the range of x 
favoured by s-wave scattering lengths, we see that dominant 
contribution to p-wave scattering lengths come from p interme- 
diate state which is in agreement with the usually assumed p 
dominance of p-wave Tt - -n; scattering. 

Many authors have calculated n - % scattering lengths. 
The answer for agQ varies from -1 to 2 depending upon the 
technique used. Weinberg^^ employed current algebra and soft 
pion techniques. He further assumed that -n; - m amplitude is 
atmost linear in s, t and u and the equal time commutator of 
fourth component of axial vector current with divergence of 
axial vector current ((p- commutator) is proportional to I = 0 
scalar field. .This way, he obtained aQ^ = 0.2 and 

aQo/a ‘02 “ -3.5. Khuri^^ relaxed the linearity assumption and 

5'3 

obtained essentially the same result. Illiopoulos ■ e 2 q)anded 
amplitude in the variable Y’T^s , and 7 > imposed . 

unit«.rity at threshold then besides getting Weinberg results 
obtained some other solutions like - 2.45, b.^ 2 ^ 
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and 0, -2.3. Bars^"^ allowed an I = 2 component 

in J”-- commutator and obtained essentially the Weinberg 

results. Since these calculations give scattering lengths at 

a unphysical points, (soft pions), attempts were made to 

extrapolate these to mass shell of pions. It is shown by 
55 

Sucher and Yfoo that extrapolation in general is not unique, 
for example if one imposes unitarity on the Weinberg series 
expansion one can obtain large 

The dispersion relation approach to tt: - n leads to 

different results depending on the assunption made, Bulco 
56 

and Wong after imposing some asymptotic limits obtained 

57 

aQQ = 0.8. Paver and Verzegnassi combining anaJ-srti- 

city, unitarity and crossing S3nnmetry vath dispersion rela- 
tions obtained inequalities like 0 < M a^^ <0.89, 

— TT; UU — 

-0.15 1 ®'02 - 0.77 and ^ > 0.07. However, Gore^® 

v/ith the same technique but with different saturation proce- 
dure obtained 1 a^^, = -0,69, a^o = -0,37 and 

% UU ' % uc. 

5 5Q 

M a..o = 0*028, from some other considerations 

obtained M a^n =1.2. 

71 UU 

The effective Lagrangian calculations^^ predict small 
scattering lengths near about the Tfeinbergs value. 

(ii) E - It Scattering ; 

,Por K - m scattering, 

K(k^) + u(p^) E(k^) + TtCp^) , - (4,89) 
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the amplitude T(s, t, u) is written as, 

T(s, t, u) = 6^^ T'^Cs, t, u) + fj_ T'CsjtjU), 


( 4 . 90 ) 

where 'a’ and 'h* are the isospin indices of the initial and 
final pion. The I = 3/2» a^^d 1/2 s-charmel amplitudes are, 


l5/2 = 


2+ + 2T“ 


( 4 . 91 ) 


in K - scattering K^, poles appear in s-and u-channels, 
and S:^i poles appear in the t-channel and finally 
there is contribution from the contact term. Using the effec- 
tive Lagrangian for yarious vertices one can calciilate the 
contribution from various diagrams shown in 'Fig, 2, The result 


is, 

T'*‘(s, t, u) = T'^ (s,t,u) + Tg (s, t, u) 

K* 

+ Tg(s, t, u) + T^(s, t, u) , 

T“(s, t, u) = T“ (s,t,u) + T" (s, t, u) 

+ Tp(s, t, u) + T~(s, t, u) , ( 4 . 92 ) 

where, 

i 

T (s, t, u) = T (s, t, u) + s«-4U , 

K* Z* 

i 

To (s, t, u) = To (s, t, u) + s<-fu , 

T ^(3, t, u) = (2»f - t) g2/2 + (2M| - ■t)g|/2 

+ 8162 - (Sggi + B^g| 

K 
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s - + m| , 

^ K ^ 

* ^ 

_ ** _ _K K% 

- §1 


K^Ku 


% 


+ S^g^ 


Sr 


s + m2 _ m‘ , 


4 


jy = /y^ Q 

&2 ^i *“ ^2^3 


Kn 


.K*KTt 


4(m| - s) Tc, (s, t, u) 


Sg-Kn 


Sg-Kit 


’K 


Sk' 


= 161 


■(B-li-4) 


Sggj 

Sg-Kit Sg-K-jt 2 


g 


■‘2g 


'4 


) 


(Ms^-’t) Tg (s,t,u) 


^ SvtKK 

= (-tg/ /2H±/2-}^)g^/ +g^f ) 


(M^ - t) Tp (s, t, u) 


(s, t, u) 


Stj-fi-rt 9 Srt'fiTC Sttirit 

x(_tg^^ /2+(t/2-Br)g^>^ +g^^ ), 

= (u-s)(gf^+tgf^/2)(gf^+tg^V2), 

+ 2g|^(2I# + 2 }^ _■ s - u) 

+ 2g^^ (t~2l?) + 2g^^(t - 2 m2) 

+ gy’^ ((u-]y^-]\(^)^+Cs-ll^-l'^)^-(t-2]^)(t-2Ii!^)), 

- ( s -£-])£)^)/16 . 


H' (s, t, u) 

T" 

The s wave scattering lengths and effective ranges 


r^ are, 


8tc(\ + \) = a__* + a„ + R 


“"O 


and, 


K 


1,2+ + 


(4.93) 


-4u{M^ + MK)((a-)"r- - a-/l^M^) 


= {rVd^a£^)/(M2 (“ k ±“ )^) + E" 

K i K’ K* ^ ^ 


+(rg^+d^ag^)/(M|^ 


(M 

E ^ 


(4.94) 
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where 


d_ 

2 i 

M a 
K* K* 


% 

4- 

210 


R“ 




+ 


"6 

+ 


1: 


1 , 


-V-'k-V\ > 

-- Cli)V(lIs -(Mj--™^)^) + (l^)^/(Mg - (M^-M^)^) , 


K 




+ (m; 


S^i^TC Q Q Sp-KTT r\ r\ SyrKTlC 

' %-V^1 

P p S-.K7t 

- §3 ’ 


Sg-ZTt SrrZlt 

f' fr 

,3 


gp 




P shioc Sno: 

^ re f ^ (T y 


- % §5 


+ g/ 


4M^ 


± 

L4 - -5 


+ o o 




1. 4- 1. + 21^ 


" Ws ^ ^6 > 

_ „K*Kix 


g^ + 2 mk ( 1% ± M^) g3 , 

gK*K% _ 2j,^ ^ gK*K, _ 

2{Mg. + M^)(Mg.g|*^’‘ + M^g^*E«),, 


8 


d, gf . 



^ ) 

- 4g|^ - 4(g3^ + g^^) + SM^Mg. , 

S^KX ^KK 

" §5 g-j 5 . 

B" = -4M^Mg. g|^/3 . 

The and Ag are given hy (73). 

The K-Tt s-wave scattering lengths and effective ranges 
1 

(in nnits of M” ) for some values of x (6 = O) are as follows: 


X 

aV2 

0 

ay^ 

0 

3,5/2 

0 

rV2 

•^0 

O 1 


1.0 

-0.034 

-0.207 

-85 

5.8 

-0.057 

-0.091 

1.1 

-0. 60 

-0.233 

-29 

4.5 

-0,057 

-0.117 

1.2 

-0.088 

-0.261 

-14 

3.4 

-0.058 

-6.145 


As in Ti-% case, in s-wave K-tc scattering lengths the 

scalar mesons contrihutions are large. The current algebra 
technique^^ and effective lagrangian methods^ gi'^e 
M”"* - -0.066 and 3.1^^ = 0.13. Some calculations^^ 

Tt U TC 0 ■ 

which obtain information only about M aZ^ Q& (a2/^-a5^^)/3) 
give it between 0.066 to 0.136. Our results differ from these 
works because of large scalar contributions about which none 
of the above calculations obtain any information. 
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(iii) K-K Scattering ; 

In K-K scattering, 

K(k^) + E(lc^,) - K(p^) + K(p^), (4.95) 

1 0 

vre have two isospin amplitudes I and I corresponding to 
1=1,0 respectively. The diagrams contributing to the 
process are those shown in Kig. 2 ; Sj^ , snd S 

poles and the contact term. As before, using effective 
Lagrangian for various vertices we obtain, 

T^j,(s, t, u) = Tp + T^ + Tg + Tg + T^ , ’ ( 4 . 96 ) 

aad 

5,0 (s, t, u) = ife + T^t + T° + T° , ( 4 . 97 ) 

^KIC ^ f % ^ 

where, 

3?p = Tp(s,t,u)+u t; Tp = -.3Tp(s,t,u)4-u e^t , 

tV= T i(s,t,u)+uf-Jt ; T (s,t,u) - uf- 4 t , 

T’ T (p ■.'p 

t 1 = (s,t,u)+U'f->t;T^ = 3T^ (s,t,u) - U 4 -jrt , 

fg = Tg(s,t,u)+t>^u;. Tg = -Tg(s,t,u) + t-^u , 

Tp(s,t,u) = (g^^ + ug|^)2(t-s)/(Mp -:u)., 

T^(s,t,u) = (^^ + ug^^)^(t-s)/(M^ - u) , 

Tg(s,t,u) = (-ugp / 2 +(u/ 2 -Mg)g 5 '^ +g^^ ) /(}l^ -n)+S^HSy , 

S«KK P S^KK S«KK 5 p 

Tg (s,t,u) = (-ug., / 2 +(u/ 2 -ig)g^-^^^^ , 
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T^(s,t,u) = 4g^-4g^(2S+u+t-.8M^) 

+ 2g^^(2s^--t^--u^-4M|(2s-u-t)). 

-1 

The only nonzero s-wa've amplitude is T . We obtain for 
a^CKK), 

l67cM^a^(KK) = 

+w^/1/l| + w|/m 2 + 4g^ , (4.98) 

and the effectiT/e range is giTen hy, 

-47iMj.((a^(KK))2rJ - a^(KK)/K^) 

= -g^ (g^(3-4l4/Mp)-^K4^^>^p ’■ ‘ 

S KK S KK c, o 

-g.^ - w^/m| )/m2 

% Tt 

SvpKEC S^^KK o P 

+W2(g/ -g^" - ^7 

-4g|^ + 8g|^^ . (4,99) 

where, 

S KK ^ S KK S„jKK , 

g^ “ K °3 ’ ^2 °4 “"^j[g3 

The K-K s-wa've , parameters for some values of x and 


6=0 are as follows; 
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X 




1,0 

0.90 

4.2 


1.1 

0.92 

4.2 


1.2 

0.94 

4.2 


In this case p 

+ (^ and eontrihutions to 

-1 1 

are 

% u 

-0. 1 1 and 0.34 

respectively. 

Again scalar 

eontrihutions 


11 

dominate. Por M” the effective Lagrangi an approach 
give^^ -0.16, 

Prom the discussion on scattering lengths, we note 
that in all the cases scalar mesons are playing an important 
role. 
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CHAPTER V 

CURRENTS AND MESON EOEM EACTORS 

In this chapter, we obtain the vector and axial vector 
currents and their divergences. The currents responsible for 
weak decays of hadrons are then used to calculate decay 
constants of mesons, and form factors. 
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5-1 Vector and Axial Vector Currents: 


The infinitesimal SU(3) transformations of the fields 
^i’ ats given hy (2.17), (2.19), (2.48), 

(2.50) and (3.3) are, 




>v. 


.V 


- f .-^ i _ 0^0 V » ? 


■i^k k » ‘^V '“-i 

^V ^ " " ^ijk ~ ’ 


■iDk D Is: 


6.r zf. = - f. 




^V > - -^iok ^0 » 

whereas under the axial SU(3), transformations are, 

^A5~i = “^ijk ^k ’ ^i ~ '^iok ^ 


(5.1) 


^A ~ -^ijk ^3 ’ 

.A „k 


«A = -*l3k • 

When the ssrmmetry is broken (1) and (2) no longer give the 
transformation laws for the physical fields. The transfor- 
mations for the physical fields s^^, and a^ a3?e obtained 

by substituting (3.5), (3.8), (3.10), (3.12), (3.14) and 
(3.25) in (1) and (2). This gives, 

V - 1/2 1/2 

= -fijk ®3 VA) 


(5.2) 


6-y-s^ 




■"idle "k 


1/2 


V, ^V“/U “"idk ^3 ~ ^d^"idkfkl""dlk$k^^s^ y«®l 

-^€ j(Siyg - %jm'^l^^s^ ^ 
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^A®! 




= d. .,. e4 Z-V2 . 


‘ijk '*3 “s^ '‘k 

-"ijk ®t ^ 


\ = -^ijk «t V®3 ”1 




>'P '\7.^/^t 


'^lak ®3 ®3f^i3k^kl"S:31^ik)^a^^Wl 

>«^«ld/8 - '^dl^ik ^%S * • (5.5) 

In (5) still the unrenorroalized pseudoscalar fields tt^ is 
written. Using (3«10), (3.12) and (3.25), it can he expressed 
in terms of physical pseudoscalar fields* 

The currents are calculated from the Lagrangian hy 
using Uoethers theorem. If the fields undergo infinitesi- 
mal t ran sfoinat ions of the type, 

yi(k) - y-j^Ck) + , (5.4) 

where are the constants characteristic of the group and 

the representation to which belongs, then the current accord- 


ing to Uoether theorem is given hy, 

= - -^^TT- “nk'fkW • (5.5) 

The vector currents are calculated from (3) and (5), These, 
after using field equations of vector and axial vector mesons, 
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are given by, 


yai 


> ( 5 . 6 ) 


where, 


^1 = - - fjia 8v(^u,^v(zlfsk + V . 

^'^ijk ^^^^3 " ^^^3 ^®k^ 

+ h ^( C ^ i ^ (^^ij+ C 2 j _^ ^ v )+^ 2 ^^ 3 i “ , 

° 1 lj = - 5 - hjk -Iklm (‘^ 3 ^" 

1/2 

Go --^ = -2 tCt ( 2 ^ s „ + f) , 


^213 


i 3 k kM ^''1 “m 


^ 3 iyW(f ^ 5 il ’ 

^ 4 i/<r ° 5 il ’ 

C,-..-, = ^‘^ijk '*' ^^i3k^ ^^3-21 ®i'*"^i“^’”'-i^ » 


^ 5 il 


S3 D 3 


m 


The fl.yi a.l vector currents are given hy, 

j.t = - 4 ("If ii. *f±i >”P ^ ’ (5.7) 
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where, 



The currents (6) and (7) without term are precisely those 
obtained from field current identity model of lee-Weinberg 
and Z'umino^'^. In the subsequent calculations, we shall neg- 
lect the terms in (6) and (7). This is justified because 
the linear terms in fields in (6) and (7) generate meson pole 
terms which dominate the current matrix elements at low 
energies. 


5-2- Meson Decay Constants ; 


Defining the decay constant of the S^- meson through 
the relation, 




s q > = 
r 


Sg- ^ 


(5.8) 


we obtain. 



= lf3 fg . 


(5.9) 


The decay constants for the pseudo scalar mesons are defined 
through the relation, 

< Ol^jj.|p^, q» = - ilp^ q^ , k = 1, ... , 8 

^ ^ * ( 5 . 10 ) 

Por con'venience, we have defined P’s in (8) and (10) with an 
extra negati've sign with compared to the conventional definition. 
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Tbe decay constants of pseudoscalar mesons as given by (7) 
and (10) are, 

\ = (^0 ^ V^3) z;V2 , 

= <^0 - , 

= mo 1)^/2 ^ 

-ban 9^ . (5.11) 

In the current -current picture, the lagrangian which 
governs the weak decay of hadrons is of the form, 


■■w 


G ^(x) ^(x)/f2 


( 5 . 12 ) 


where G is the weak decay coupling constant which is deter- 
mined frornyu"" - e' ~ 


* ■ Its Talue is, 


®^roton 


= 1 .05 X 10" 


The current J., is of the form, 

/u. 


^ (x) = (x) 

rh 


+ 


The hadronic part jJ} (x) is further written as, 

rh 


^ oos B-y + sto 6^) 


+(J 


A(1-i2) 


Qa it* 


(5.15) 


(5.14) 


A(4-i5) Q ) ^ (5.15) 


yU 'A >1* 'A' 

^ere 0^ and are the Cabbibo angles for the vector and 
axial vector currents respectively. The decay rate for the 
process , 


% 


-* 1 


+ ^ 


( 5 . 16 ) 
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is given by, 


P(7t - 1+rt = oos (1-mi/M^). (5.17) 




Tbe decay rate for the process, 


K 


1~~ + P 


(5.18) 


is obtained from (17) by replacing cos 0,^ by sin 0^ 
The ratio of 


M by 
% 


^K* 

n(K 


P' 


F- 

(it 




ir ‘A " 

mode decay of K and % is, 
2 


M P 


“k , , ,Z 

= Twr 5 ^TT 6,/? 


and 


(5.19) 


Now using the experimental rates^^, 

T (tt T^v) = 2.605 X 10"® sec, 

f (K-*^y) = 1.937 X 10"® sec, (5.20) 

and (19), one obtains, 

2 

1 1'j; tan 1 = 0.0775 . (5.21) 

Although and individually depend on g, because masses 

determine g f^ and g fg , their ratio is independent of g. ¥e 
have = 1.04. Then (21) gives, 

tan 0^ = 0.268 or 0. = 15° . (5.22) 

A A 


Once 0.^ is known g can be determined from the experimental 
decay rate of -n; ■* jixP * ^tie value of g implied by (11), (17) 
and (-22) is, 

g^/4'it = 1.16. 


(5.25) 
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The various decay constants now have the following values, 


= 91.3 MeV, 

iv 

\ = 94.7 MeV ; = '••0^- » 

= 93.8 MeV ; = 1‘03 , 

= -19.3 MeV ; =-0.21', 

= -12.2 MeV ; /P =-0.13. (5.24) 

O-rr Oj^ % 


The predicted comes close to the SU(3) value i.e. 

1. This ratio has been of considerable Interest. A set of 

calculations using different techniques predict^^ * 

Our value of Po /P is much smaller than the value obtained 
Sy -n; 
jL 

by Weinberg and Glashow ( = -0.58), Gasiorowicz and 

Geffen”^^ ( = -0,4) and others^^”^®. The %, K and masses, 

their decay constants and 2 ?enormalization constants satisfy 

13 

the Glashow - Weinberg relations, 




p zy^ 


TP 7 I /2 ^ 

•^TT ^TT 't* J! Q, A/ q 
jA. jx. 


Q J- Q ^ Q 

^ ^ 


(5.25) 


On eliminating z/^‘^**'these two sum rules, we obtain 




■"K '-"K 


(5.26) 


13 

(26) gives following Weinberg - Glashow sum 


rule s , 
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( a) 


If > 0 , > 0 

I “A - %%l/l^s. 


M 






(5.27) 


(t) If (zyz^)V2 > 


0 


< 0 

TC iv 


V i VkI/i^s, 


(5.28) 


;u ;u ii. JLS. - ' 

The estimate of various quantities from our model gives for 
these inequalities 11^. < 2785 MeY and > 4879 MeY. In our 

case > 0 so the first inequality for Mg mass is obeyed. 

Weinberg and Glashow had for these inequalities Mo < 670 MeY 

" 

and Mq >_ 1100 MeY. It is to be noted from (27) that a lower 

, 

value of 'C (or what is equivalent a lower value of Pq /F ) 

would give a higher value of the upper limit in the inequality (27). 

In the Glashow and Weinberg model Fq /F is of the, order of -0.4 

TC 

fify fiR 

(our value is -0.13) also in some other models ’ it is large, 
therefore these models predict Mq below the K - % threshold. 

The , matrix elements of currents between vacuum and one 
spin one meson states are defined in the usual way as, 


y . ,i 


< q > 


^Y. 

IV 


and, 


< 0 J 


A 


/Ui 


<1 > 




(5.29) 


6^ and 0^ are the polarisation vectors of vector 


where 

and axial vector mesons respectively. Eqs. (6), (7) and 
(29) give, 
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T? 7-V2 

p p 


= .1 


= ij 


K K 


Vi 


E, 

JL^ «A. 


* (5.30) 


Using (5.19), (3.21), (11) and (30), we see that the relation, 

n2 _ -r,2 A,r2 —2 a-2 




(5.31) 


is satisfied. This is the Weinberg first stan rule^^ in the 
single particle approximation i.e. when current matrix ele- 
ments are dominated by spin one and spin zero mesons poles. 
Por strange vector and axial vector currents, the relation 
analogous to (31) is, 


Por I = 0, y = 0 currents the relation, 

P?, + , (5.33) 

is satisfied. Although in our model the first Weinberg sum 

rule is satisfied, the second sum rule is not (we have it 

only if h 2 = 0). The nonvalidity of second sum rule in the 

presence of invariant corresponding to h 2 is discussed by 

69 

Hitter and Swank. They demonstrate that certain matrix 
elements do not have req.uisite as 3 miptotic behaviour vhich 
is req.uired in Weinberg’s proof, 

45 

Kawarabayashi and Suzuki and Riazzuddin and 
Eayazuddin^^ derived a relation between Pp , Mp and namely, 

4 = • (5.34) 
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In the present model, we do not have this, however, if the 
condition, 


% = g^(fo + , (5.35) 
is imposed then ESRP follows, Incidently, if h 2 = 0, this 
condition also give famous Weinberg relation , 
Ihe numerical estimate of various quantities from our model 
give, 


= 1-09 . ■ (5.36) 

The divergence of the vector and axial vector currents 

2 

can be calculated from the Lagrangian with the Gell-Mann-Levy 
prescription, 


^ - 61/8 ,e . (5.37) . 

It gives, 

^k3m \ ®1 ^ ^ » 

A = -\:bn h »Pj^ Pj, , k=1 . . . 7 , 

^^8 = \-^g/r3){2V^^ooefvg + sm)tpQ) , 

-(T2/3 tg slr.y'Pg + oos^pg) . (5.38) 

These are the partial conservation equations for the currents. 
On the extreme right the usual form of the partial conserva- 
tion equations is written. As expected contribution to cur- 
rent non conservation comes from the explicit synmietry break- 
ing term, Such partial conservation equations would hold in 
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any model in which the symmetny hreaking term is a linear 
ftinction of fields belonging to some linear representation 
of the basic ^nmnetry group, as is the case with our term 
in (3.4)/ 

5-3 - Porm Factors: 

Let us now consider the decay process, 

K"(k) - + 1“(P3_) +V(p ) , 

where 1 stands either for electron or muon. Although 
is also allowed but it is sufficient to consider only e"** decay 
because eP decay is related to E’*’ decay through = 1/2 

rule. The matrix elements , defined by (4.3), for this 
process are, 

< 11° (p)|j’;|K+(U:). > . (5.39) 

The matrix elements of J?, between and e"^ states, in 

r 

general, are written as, 

< 7t°(p)l^lE+(k) > = f2 sin 0,^ < 7i®(p)lJ^'^lE‘^(k) > 

^ ( 2 ^)^r^j^ t +/> + - 7 ^- 4 

where , 

= k + p , 

P = q. = k - p . 
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The fqim factors f^(q.^) and f (q^) are written such 
that in the STJ(3) limit i.e, when all the pseudoscalar 
mesons are degenerate and strangeness changing vector current 
in conserved f^(0) = 1 and f_(0) = 0, In the linear 
approximation the form factors f^(q ) are further written as, 


^9^) = f+(o) [; 1 - 

■ \ ] • 

(5.41) 

Another parameter, is 

defined as, 


i 

'Sk 13 ~ i_(0)/i“4.(0) 

• 

(5,42) 


The decay width of as obtained from (4.56) and 


(39) is, 

2 

4 - 0 4 - sin 0-^- 

p(K" ^ A-V ) = ^ ^ / dE^o/ % 

x[(2p3_.P^Py.P^ - p^.p^P^.P^)jf^(q^)l^ 

+ 2M^P^,P^ f+(ci^)f_(g^) + M^P3_.p^ * (5.43) 

•The limit of integrations as given by (4.37) 

® ol'max = (I^+ + ’ 

% K % K 

® olmin “ ^ 0 * 

% ■ % , . 

1 /2 

El Uax = [(t+j4)(M -E o)iCt-*f)(EV»^o)' ]/2^^.C5.44) 

it It 7t % 


where , 


t = -P^ = , - 2E n M . + 

7t° it° 


Using (41 - 43) and G from (13) the decay width of 


becomes, 



96 


r (K'^-Tt^eV) = 77.5 [f+(0) sin 6^]^ 

x[i+ 3.703A++5.488^^] X 10^ sec""'. (5.45) 

The hraxLching ratio, R, of the muon mode to the electron 
mode is, 


R = R^/Rg , (5.46) 

where, , 

R^ = 0.6423 + 3.777A+ + 6.763A^ 

+ ^jri3 (0.1260 + 0.4747 (X++A_) + 2.086^^) 
+'j|gl3 (0.0191 + 0.168^^ + 0.4102^^) , 

R2 = 1 + 3.703 A+ + 5.488 . 


In the tree gmph approximation contributions to 
form factors come from the Z and inteimediate states. The 
form factors defined hy (40) are as follows: 


f (q^) = 


q 


M 


K 




% 

7t f , ^ 

^ ^1 + TT 


K’ 


(l" + M 


Sz 


<^^1 -§2 ^®2 ^ J 


M‘- 


Z^ 


’3 

(5.-47) 


whe re , 


f. 


Z*Z7t _Z*Zti 
"• &2 


+ g“^ , 

St^Zti o 0^0 Sr^Zit 

= 2g/ + (-M^ + - Mg^) 

0 0 0 Q ry Q S^Ett 

+c4-j<-M|^)g/ +C-4j«V2^)g3K . 
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Table T; K-, ^ Parameters for Some Values of 6. 
lo 


6 

0 

0.4 

0.8 

1 .2 

■‘"xporlmental 

•vpJ.ues 

7»+ 

0.016 

0.019 

0.022 

0.025 

0.030 + 0.007^' 

%- 

0.0236 

■ 0.0234 

0.0252 

0.0231 


'^1013 

-0. 14 

-0.18 

-0.21 

-0.24 


R 

0.6426 

0.6422 

0.6418 

0. 6414 

0.626 + 0.019^ 


Ref. 70. 
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Using appropriate couplings from the appendix, (3.19)j (9) 
and (30), one can see that the bracket term in f (<i^) is 
identically equal to zero. From (41), (42) and (47), we 
obtain, 

f+(0) = - F *(g^ + g|.^^)/M^* = 0.992 , 

o' * 

X = Mj' (1+2F *gl.^Vf+(0))/M^*= 0.0158^0.0071 6 , 
^ K ^ ^ K 

f_(0) = - F *(MXM^)f-/M^*+fp/M? = 0.117-0.081 6 , 

K ^ K 

A_ = - fi + fj/id )/f_(o) . 

= - (0.0029 +0.0018 6)/f_(0) , (5.48) 


- 0.118 - 0.082 6 . 


(5.49) 


For some values of 6> X ^*^^£13 given in Table V, 

The experimental infomation on both and 

70 

decay is available. The study of pion energy spectrum in 
Eg^ decay and the Dalitz plot analysis of E^^ gives'^^, 


0.030 + 0.007 , 


(5.50) 


which corresponds in (48) to 6 between 0.9 to 2.4. The 
quantity f^(0) is not directly accessible to the experiments 
because E^^ life time (45) involves one more free parameter 
i.e.. e^. The fact that f^(0) is close to one is in agreement 
what one expects from Ademollo - Gatto theorem' i.e. f^(o)-1 
is of second order in ssmunetry breaking. The experimental 
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rc 

Kg^) = (3.93 + 0.06) X 10^ sec“'‘ , 

(5.51) 

E<1. (45) 

and = 0 give, 



f^(0) sin Gy = 0.225 . 

(5.52) 

Now (ai) 

and (52) together read, 



Ptjt tan 0. 

— S — -A = 1.24 . 

\ ^+(0) sin Gy 

(5.53) 


In the frame work of single Cahhiho angle theory i*e* 
= Gy » (55) can he written as, 


s = 1.24 ( 1 _ 0.05/ff (0) . (5.54) 

P+CO) 

Putting f^(0) = 1 on r.h.s of (54), we get, 

P 

S =1.20 . (5.55) 

P f,(0) 

Our model gives a rather small value 1.04 for l.h.s. Uow 
instead of taking Gy = G^, we could as well have taken 

f^(0) from our model, = 0 and calculated 0y from (45) and 
(51). This yields, 

sin Gy =’ 0.23 , (5.56) 

!€ 

which agrees well with the presently accepted value • 

sin Gy = 0.22. It is clear that if Pjr/P^ and f^(0) are close 

to one, 0.^ ^ G-n-* However, if single ‘-Cahhibo angle theory is 
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assiffiied then, as is clear from (55) > one has to in'voke large 

symmetry hreaking in either or f^(0) or in both. In an 

attempt to reconcile (55) with and f,(0) ^ 1 , 

72 

Pandit and Raosekharan assimed that -whereas single Cahhiho 
angle asstmption is good, there is a violation of ^-e 
universality in the strangeness changing decays which accounts 
the discrepancy. 


The experimental information on the decay, in prin- 
ciple, should provide infomation about and 5^ , 

There are two types of experimental infomation available from 

4 * 70 

the studies on decay. The experiments give for the 


branching ratio 


70 


R = P(KjI;5)/f^(Kj^) = 0.626 + 0.019 . 


"e3 


(5.57) 


It is seen from (46) that if one take from analysis 
(50), then R depends on '^^13 ’ therefore one cannot 


detemine an^ from R, However, the usual practice 

is to give _ ~ 0. This gives ~ 

whereas our predicted value it around -0.2. The muon polari- 


sation measurements'^'^ in decay favours amund -1.0. 

In the last few years fom factors have been 

73 ' 

discussed by several authors . The form factors calculated 
by vario-us techniques do not agree with each other in various 
details. In the dispersion theoretic approach one writes down 

* In the rest of this section S stands for and f_|_ 

for f^(0). ’ ^ 


r+ 
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either unsuhtracted dispersion relation (UDR) or once sub- 
tracted dispersion relation (OSDR) for When these 

are saturated by K and poles relations between K* and S^- 

p 

couplings and f^,(q ) are obtained. Since Sg- mass and coupl- 
ings are not known one makes further assumptions about these 
which introduce their own uncertainties. Mathur et aZ.*^^ 
wrote UDR for f^(q ) and worked in the limit of zero pion 
and kaon four momenta. Saturation of the sum rules by K 
and Sj^ (mass 725 MeV, width 10 MeY) yield f^ = 0.84 and 

= -0,20. Matusda and Oneda"^^ essentially employed sajae 

2 

technique but work in the limit p ->-0 with scalar kaon at 
mass 725 MeY. They obtained f_^ = 1.05, ^ = -0.16. In the 
OSDR case cannot be predicted due to the presence of the 
subtraction constant. 


The application of current algebra and soft pion 
techniques'^^ to decay giwe a relation between and 
K^2 factors namely, 

(M^ = 0 , ^ = -4) + f_ (M^ =0,4^= -I^) = V\ 

(5.58) 


This relation relates .form factors at a point which is far 
away from the physical region. Although in our model we do 
not ha^e this relation, an estimate from our model gives 1.040 
for l.h. s, as compared to 1.037 for r.h. s. Some authors have 
combined dispersion theoretic approach with the soft pion 
result (58) to determine the subtraction constant. Pati and 
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Sebastian assumed OSDR for f^(q^), both UDR and OSDR separately 
for f__(q ) and (E , S^-) saturation scheme. The UDR for f_(q^) 
with .Sg- at 1100 MeV gives, f^ = 0.8, ;\^r>^0.02 and small 
negative^ , These form factors depend considerably on the 
value of mass. The results of OSDR for f (q^) 

are more or less same as in the previous case, StLch"^® wrote 

UDR for f_^(q^) and OSDR for f (q^) in both variables q^ and 

2 2 * 
p and worked in the limit p -► 0. The saturation by K pole 

gives f^ = ^ + “ 0‘51 and small negative ^ 

wrote OSDR for f^(q^) + f (q^) and UDR for f^(q^) - f (q^). 

Saturation of these relations by K pole and taking f ^ = 1 

gives 0.06 , 7i^ = 0.017 and - 0.09. 

The hard meson calculations, within the framework of 

current algebra, paarfcial conservation of currents and pole 

13 

dominance model of currents give a relation namely, 

^ 4 - ■ (5.59) 

In our model this is satisfied. It is pointed out in ref. (16) 
that this result holds so long as f^ does not depend upon the 
pion and kaon momenta. Chang and leung after imposing the 
condition Z-rr = Zr, (in our model = 2.43 Zq ) and the 

K Sg k bg 

smoothness conditiqii that S^- Kte couplings do not depend on 
q^ (in our model this is not valid)®*^ obtained f_^ = 0. 92 , 

= 0.018 , V = -0.002 and -0.019. Riazuddin and 

Barker®’’ imposed Pq = 0 and the SU(3) result f, =1 to obtain 
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- 0.016, - -0,107 and 0,05. Gerstein and 

66 * 

Schnitzer took p(E - K%), (53) and = 0.0238 as inputs. 

The assumption Zj, = Zg gives, Mg = 635 MeV, = 0.85, 

K K 

X_ = - 0.016 and B= _ 0.002. If we take Z,JZ^ from our 

li bg 

model then "^becomes -0.48, 


In another method vs^iich gives form factors at mass 
shell one writes down the most general structure of three and 
four point functions involving spin zero and spin one mesons 
on which current algebra and partial conservation of current 
conditions are imposed. Pande®^ assumed a meson at 1100 
MeV of width 450 Me? and determined f_^ = 0.95, = 0.022, 

= 0.049 and ^ = -0.066. Imowitt et al^^ obtained with 
Sg- mass at 1000 MeV, f^ = 0.85, ^^sO, = 0.025 and 

%_ = -0.3. These authors also discuss the possibility of large 
negative ^ with mass at 1300 MeV. Our expression (47) is 
same as of these authors but coupling constants are different. 

The effective Lagrangians have also been used in the 

study of form factors. Lee^ constructed SU(3) X SU(3) 

nonlinear chiral lagrangian without Sj^. On imposing f ^ = t 

he obtained ^ = 0.026, = 0.018 and = -0.2. A 

68 

chiral nonlinear lagrangian which predict at 630 MeV 
gives f = 0,96, = -0,048, 'X+ " 0.022 and^/^_ = -0.002. 

Brandt and Prepat ra®"^ have argued that by modifying the 
definition of PCAC one can obtain ^ around —1, However^ 
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86 

Weinstein has pointed out that the calculation of Brandt 
and Prepatra dependsnot on the modification of PCAC hypothesis 
hut rather on a large SU(3) violation. Amowitt et al.^"^ have 
argued that so long explicit symmetry breaking transfom as 
(35 3)t(3,3) representation ^ will he around -0.2. In 
order to obtain, ^ around -1 one must include synmietry break- 
ing transforming as (8, 1) + (1, 8) representation of 
SU(3) X SU(3). 


Porm Pactorsi 


The decay modes consistent with^Y/AQ = 1 rule 

are , 


A. 

+ 

E 

+ 

% 

4. 



+ 

1“ 

+ 

V , 

B. 

+ 

E - 

0 

% 


0 

% 

+ 

+ 

1 

+ 

^ , 

C. 

E^ 

TU"" 


0 

% 


1^ 

+ 

V . 


Let us consider the general process, 

X^Ck) -► 7tg^(Pg^) + ^ (Pp) ■*'^(Py ) j (5.61) 

where a, b, c denote the charge states of the respective 

particles. In this process, unlike 'K. 2^2 ^13* 

vector and axial vector currents may, in general, contribute. 

The matrix element for this process is, 

f2 < Itb (Pt)lsl>l * Bln > 

(5.62) 


X 
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The ma'trix elements of the ciixrents are written as. 


X 




^>U Pa’ Pl)^ ’ 


(5.63) 


and. 


< -^afPa) > =3 

/ ijUr 


1 


F 


cab 


X 


ifSE E,E^ 
■ a D c 


(2nj^ 

^^V;i<r^y Pg P^P-b^-- 


(5.64) 


Although, in principle, ’vector current contributes in our model 
its contribution is zero. We shall return to this point later. 

qo'K 

The form factor can be further written as, 

= ^curr ^^ab * 'T ^ta’ ^b^- ^pXx ’ (5.65) 


where X,^. ^curr component iso spin wave func- 

tion for the decaying particle and current respectively. The 
lo rents decomposition of form factors FT. is, 

/f4 

’ ’ (5.66) 

where, 

P+ = Pa Pb ’ 

P- = Pa - Pb ’ 

4 = k - . 

The dimensionless form faolors j 3 4 general, are funo- 

2 ^ ^ 2 

tions of the invariants ^ = -P^ , q. and 1:,P_. Erom (65) j 

we obtain for the matrix elements of the decays of (60), 
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T7-+ O O 

-oK TC It ^ -r,+ 

. 


F 


*“ V 

It Tt 


M 


= Jj/Ts , 

= -T2^ . 

■.r+ O O 


(5.67) 


where the factor l/Y’2 in 5^^ ^ appears because of identity 
of two pions. From (67) it follows that the decay widths of 
various processes satisfy the sum rule, 

pcK*- A-iV) = spcK* - + ^nK'’-itViV). 


(5.68) 

Eq,. (68) is a consequence of A I = 1/2 rule which is built in 
our model because the currents are SU(3) octet currents. Bose 
statistics implies that, 


^ 1,3 Pa> Pb) 

- P.|^3 (k, pjj, p^) , 


4 (i:. Pa* Pb) 

= -P+ (k, p^, p^) , 


^ 1,3 ^a’ Pb^ 

= (k, Pi, Pa) , 


Pj (1^, Pa, P^) 

= Ip (fe, Pfc, Pa) • 

(5.69) 


In the problem only invariant , which changes sign under p^^p.^^ 
is k.P . Therefore F^ and F"^ ^ would be proportional to k,P_. 
If k.P =0, then we have the relations, 

fJ = F'^3 = 0 . (5.70) 

It means, from (67), . that to - -ji^'rc^e'^y decay only F"^^^ to 
K® - Ti~7c°e‘^V only Fg and to K**” -*■ V F'^^^ and Fg con- 


tribute 
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In the tree graph approximation the diagrams which 
contribute to the matrix elements (63) are shown in the I’ig.3- 
With the help of couplings given in the appendix the contri- 
bution of various diagrams can be calculated. These contri- 
butions are. 


> ' ^ T 




q. +f4 


(k, p^, p^) + (k, 


^ ^ , -m A’ K/ 


+ (k, P^, p^) + (1^. Pa* Pi,) + Pa«Pl.>] 

^ 2 K >12^*0^. Pa- Pt) ♦ (1^. Pa-. Pb) 


1 +% 


K, S. 


+ (F^’^ (k, p^, p^) + F ’ ^ (k, p^, p^)+p^^_>p^)] 


2 (5.71) 

^ ~ T Y q^+^2. Pa’ ^b^ '*■ Pa’ Pb^ 

* % 

K K K S 

(^yM Pa’ ^b^ ^ Pa’ Pb^“Pa^Pb^^ 


* 5 ^ >[2® (1^- Pa- Pb) + ^ Pa- Pb) 


1 +JiJ I “ " - “ 

* K S 

+ (F^’^ (k, Pg^, p^) + F ’ ^(k,p^,p^) - p^f4p^)] 

(5.72) 


In writing (71) and (72) we have adopted following notations. 
The first superscript stands for the intermediate particle 
which connects a strong vertex to the weak vertex and second 
superscript represents the intemiediate state connecting two 
strong vertices. The superscript s stand for (Sj^, S,^,) 
intermediate state. The various contributions are as follows: 
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_^A>. . . P K.Eteti: 

Pa- Pf) = (P4^+P+-<iy4^)s/ 

2 K.KiiTt „ 

-2(y + k.4<^/Mjj.^)g2 + 2[k.pj,(p^^+p^.q^/lll|^) 

. , 2 9 K.Ktto 

+^-PaCPb^+Pb-lV%^) - 2Pa-Pb ( *3 

KAKitTt 

+2( q.k P^^-q.P_^]^)gg 


^K.,S G(S^TtTt) K ES^ K.KS^ 

y Pa- Pb) = [Vs/ ^ 

E?ES^ EaKSv, KaKS^^ o 

+2(q.P^l^-q.kP^^)g^^ +(k.9g/ '^+P^.qg2-^ 

o Sj^TOT S^TtTC S^TC% 

s(s^to) = (-ir+p^.p^)g^ -Pa-Pb «3 +S 4 ' , 

Vi (>"- Pa- Pb) = ■ ' q2^„2 [((SePa^M-'STV^ 

K 

+S8(<V+'l^Q.q/M|^)/M^,+ g^o 9^/14 )Sl'‘'' 
-2{(g6Pau'*'S7V^®'Pb ■'■ Sl0®-Pb'P//4, 

F K* ^ 

-ggCQ^y.q/nl )} g/’ -2{(g6Pa«+g7Vl-Pb 

K F^ 

r ■ ■ ^ K,K*tt 


Q = k , 

§6= -4 - 2Q.kg| , 

gj = -g| + 2Q.p^g| , 

§3= §6?^-^ + §7 k-Q » 
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gr 


g 


10 


= ggPa-Pb + gy^.p^ , 
= gePa**^ ■*■ §7^'^ » 


P 


^ Kj-JlS-p- KfllSp- 

ii. rL I /-It ^ Jrl jL 




A* 


■4 A TC I 

Pa- Pt) = ®(Sk&) 




+ 2g 


K.TiSpr 

.3 (q-.p-tjO^ -Q.qp^) 




Z^TlSg^ 


+ (Pi5*<igi + Q.qg2 ) y^K^] » 


S^Ktc S^Ktc Sg-Kit 

J ’ 


51 S-^K% 5 V^-r^XViU M 

G-(Sg^K7c) = I ^2 ""^4 

^'^(k, Pg^, p^) = - pJg|V2 - Pa»Pi3gf^ + a-kg^^ 

+ (2Pg_.p^lc.(l - p^.qp^.k - p^.qp^.k) g^’^ , 


K,S^ 
k- ""(k, P^,-P^) 


G(ST.K7t) 9 S^K-n; 5 S^Ktc 

— [ -M^g/ +q2 K 

Q"^+ Mg ^ ‘ 


Sg^Kit ■ S^Eti Sg-Eit SgK-jt: 

—Pg* 0.(83 ~^1 •“g2 ^ ^4 I > 


E, S 


G(Sw7C7i) P p uvTJ.ij.j. u 

(k, Pg_, p^) = [(<1 -l^-k.q)g.,'^ +k.qLg5 


.2 ..2 


S,^ S^E 


S 


S»EE 

A ^4^ J + S^ ^ Sj^, , 

(k, P^, Pi,) = [ssSePa-Pb •" seevPa-i 

E* 

+ gggyk.p^ + g^gyk.q 

+ -4~ (g5Pa**^ ■*" g7Q*k) (ggp^.Q + gyQ.O.)] , 
iw 


E 

_E*Etc 


g' = .gf -2Q.kgf^- , 


gr 


E Etc » o n rfk Etc 

§2 +2Q.p^g^. , 
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,'Ka 


(IC, p^, p^,) = Stlc-PaPt,^ -fc-Pl 5 Pay-fr-PaPt.- 1 -*'- 5 bPa-«> 


y\ ] ’’ ♦ 2 [ 5 --'ll^-'l.M’^ gg 


'K/.Z-utz 


m 




Kj^Enit 


2 [ 9 -Pl,Pa^-<l-PaPbpS 9 ' 3 ^10 

(l!:, Pa. Pij) = -(l:+9).P_g|’' + ZCa.p^jk.Pa-I.Pal^-Pl,)^’' . 

-GCPtch:) ■ P K 

^ [(P +P .qq^/%5j )g.^ 

?+ + ^ - T aI ^ 


Ka»P -GCPtch:) ■ P 

V(k, p^, p^) = . A 


P . K/K 

2(P^.kP_^ -P__.l5l>^^+(P^.i3>_.q-P_.kP^.q)q^/M£^) gp^ 


K^K 


A 
SaPK 


.K 


+ 2(q.lcP_^- P_.qk^g 3 ^ +2(q.P_P^^-q.P^P_^)gJA‘'^ ] , 

(k, p^, p^) = - (gto ^ p 2 S^) P .(9 + 1 C) 

S(p™) = gP« + 4 4 "" . 


The decay width is given hy, 


45 


U *1* /l, ^ iV.^^ 


41 ? 

71 


K-Mi )2 

dM 


2 r 7171 2 

'TtTt Ip 1*^ 


[ H^|F^l2+(H2+H3/3+H4/3)lF2l^+H5|F3r+2HglP^F5l ] . (5.73) 


The quantities appearing in the above expression are, 

“L = ^ Pb)' > 

= .(pi + P^)2 , 

Hj = [mI + § j2 (i+asif/M^)] , 

Hg = I JlJgJj «!y C1+2H^/Mf>.)/*^ , 
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Table YI; Decay Widths (in unit of 10^ sec^/') of 
K -* Tz%\)l for Some Values of x and 6. 

6 n ' n /I n n 10 Experimental 

X ° Value 

1.0 2.22 2.19 2.16 2.14 

r(K— l.l 2.54 2.32 2.29 2.2? 2.6 + 0.3®’ 

1.2 2.49 2.46 2.44’ 2.41 

1.0 0.93 0.92 0.91 0.90 

r(K^-rt°7E°eV) 1.1 1.00 0.99 0.98 0.97 

1.1 1.07 1.06 1,05 1.04 

r(K®-7c“7c®e^i;) 0.70 0.69 0.68 0.67 

1.0 1.19 1.20 1.20 1.20 

P{li"-*Ti^TrAAV) 1.1 1.19 1.19 1.19 1.19 1.1 + 0.7 

1.2 1.19 1.19 1.19 1.19 

1.0 0.58 0.58 0.58 0.58 

1.1 0.58 0.58 0.58 0.58 

# 

1.2 0.58 0.58 0.58 0.58 

0.054 0.054 0.054 0.054 


a. Ref. 88. 
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Hj = I + I j3j3j2 ^ ^ 

“4 = 

Hj = 2 M^ •*iy/*4 > 

Hg = 2J,J2 j| m2 (m2 - m2^ - m2^)/t| , 

Jl = [(»^ + m2^ - M^^)2 - 41^ I/«| . 

J2 = 1-4M>2^ , 

J3 = 1 - Ml/Wly, * 

In the calculations of the width the terms are 
dropped because their coefficients are proportional to m^. 
However, widths are calculated with full expression (73). 

The width 'p(K° -* is function of 6 only whereas 

P(K -*• K Tt 1 y) is function of both 6 and x. The decay widths 
of K -* iCTciy for some values of x and § are given in the ■ 

Table YI. We see that variation with 6 is small, variation with 
X is also small in contrast to 71-71 scattering lengths, Upto 

4- ,1, -L 

date only K -* n e y decay has been observed, some events 
of K”*" r^'^~n^y are also reported. The experimental decay 

QQ 

widths are , 




= (2.6 + 0.3) X 10^ sec""^ , 

(5.74) 

and 

rcK'" - 

= (1.1 + 0.7) X 10^ sec"”' . 

(5.75) 


Our calculated values are in agreement with the experimental 
values. Another experimentally observed quantity is the dipion 




energy 
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mass dist 3?iTDu‘bioii i.e, df^dM^ vs, M • lii 5*ig, 4, ws have 
2 

plotted drydM^^ vs. for x = 1.2 and 6=0. fhe experimental 

88 

histogram is also plotted for comparison, The variation of 
factors in the physical region is (toic-- %^= and, '^ = 0, 

= 3.23 '-^3.77 , 

J'2 = -3. 20 -^-3. 67 , 

i’+ = -27.9—31.5 . (5.76) 

Thus fomn factors can he taken as constant within 15 percent. 

This is in contrast to most of the other calculations where 
these are assumed to he constant throughout the physical region. 

The decay form factors and the decay width's have 
heen calculated by many authors^^. In the following, we give 
a brief summary of the recent works. 

The current algebra techniques with soft pions^*^ give 
= ^2 “ 5.7 Sit the unphysical point Pg^*k = = ^a’^b ~ 

The dS'Cay width* p(K^^) implied by these form factors is 

’X *1 Q| 

1.88 X' 10 sec . Chhajlany, Pandit and Raj asekaran^ have 
recalculated these form factors with the same assumptions. They 
take = 1} sin 9 = 0.22 but assime breakdown of ju- e 

universality in strangeness changing current. These authors 
obtain p,| = Pg = 5.3,r(Kg4) = 2.6 x 10^ sec"'*'' and 

= 0.31 X 10^ sec”^. The form factors are still at an unphysical ' 

* In the rest of the section P (Kg^) stand for -* 'n;*TC“e’^v ) 

and P (£"^4) for P (K*^ -* 
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point. These form factors are different from those of Weinherg 
because Weinberg took f_^(q.^ = - M^) = i whereas these authors 
determined it from the K* pole dominant model. . 

92 

Greenberg used current algebra techniques and calculated 
Ki^ fonm factors at mass shell. He further ma,de use of Weinberg 
sum rules, and approximated current matrix elements by E^, E, , 

j.iL 

E andp poles. Then, with = 1 and sin 0, = 0.265 he 

gets = 4.0, ^2 = ^*6, = 1.06 and p(Kg^) = 2.3 x 10^ sec”'*. 

9*5 

Biswas, Butt and Gupta^ wrote down once substracted disper- 
sion relations for F^ 2 3* subtraction constants were deter- 

mined from current commutators. The sum rules were satui^ated 
by p and E* states. The inputs I'g/F^ = 1.17 and sin 8^ = 0.265 

yield F^ = 3.8, F2 = 4.6 and F^ = 4.3 at k.p^^ = k.pg=Pg^.Pl^ = 0, 
n(Eg^) = 2.06 X 10^ sec"”* and P(K^^) = 0.33 x 10^ sec“\ ' 

The ward identity approach is used in ref. 0’4-95). 

94 

Butt, Gupta and Yaishya^ wrote down three and four point func- 
tions. As usual they approximate appropriate cu2?rent matrix 
elements by E*, p , E and E^ poles and work in the limit 
p^, p^ - 0 (semi soft meson approach). With inputs Fg./F^ = 1,17 
and sin 9^^ = 0.26 they get F^ = 5.85, F2 = 9.4, F^ = 8.95 at 
the point k.p^ = k.p-j^ = Pg^-P-b = 0.32M^ and P(Eg^) = 2,83x10^sec 
They also note large variation of form factors in the physical 
region. Sarker^^ also wrote down three and four point functions 
but kept mesons on mass shell. He obtained relation between 
^13 %4 factors. In addition = 1,28 and 
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sin 0^^ - 0.22 he = o.6 (-1). This gii^es = 4.8, 

Fg = 2.66, F^ = 4.4 and PCK^^) = 2.1 x 10^ sec“^ for = 0#6 

whereas = _1 gives r(Kg^) = 0.92 x 10^ sec”’’. These authors 

use full momentum dependent form factors in calculating life 
time. 

q c 

Biswas et al use nonlinear SU(3) X SU(3) invariant 
effective Lagrangian with spin one mesons as gauge fields. 

They obtain F^ = 4.3, F 2 = 3.05, F^ = 2.6 at k.p^ = k.p^ = p^.p^ 

= 0. The inputs sin = 0.22 and %/F^ = 1 give . P(Kg^) 

= 2.43 X 10^ sec”’’ and P(^) = 0.31 X 10 ^ Sec ^ 

Following points in connection with these works are in 

order, (i) Almost all the calculations use FtVF and sin 0 . 

iv' Tt A 

as input . From ( 21 ) we note that if F^/F^ ^1.2 then sin 0 ^ 

0.22 and if Fg./F^ 1 then sin 0^/vO.26, It is intei?esting 
that most of the authors have taken and sin 0^ in wrong 

combinations. Therefore correct combination will alter their 
results considerably, (ii) Most of the authors use Weinberg sm 
rules. Although the first sum rule is valid in most of the cases, 
the second sum rule is not^'^ (this is the case in our model also), 
(iii) None of these authors take account of S^, S»^ and S^i 
intermediate states into consideration. Although large scalar 
mass in the denominator suppresses the matrix element but the 
large couplings, which are reflected from the large widths of 
Sg- and S ,^ , compensate this. Therefore one would expect large 
contributions from the and Syj intermediate graphs. This . 
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is indeed the case in the present model. Our calculations 
should be more reliable because we do not ba've any of above 
mentioned draw backs. 

Yfe have mentioned earlier that vector current contribu- 
tion to decay is zero. This is due to the absence of lYB 
couplings. It has been shown"^^ that so long as the lagrangian 
gives partita! conseirs^ation of currents and spin one fields in 
the lagrangian occur only through covariant derivatives, VYP 
couplings do not appear. This is so because invariants involv- 
ing T7P couplings satisrfying these requirements have opposite 
C - parity compared to invariants already present. Recently 
some authors have introduced VPP couplings as the explicit 
symmetry breakihg terms and calculated vector contribution. In 

order to obtain estimates of vector form factors some authors 

QA 

have adopted the following attitude^^. They calculate total 
decay width with axial vector form factors. Since it is usually 
less than the experimental number they demand that rest of 
width is due to vector form factors. This estimate is obviously 
highly model dependent. 



CHiPTER VI 


GORCLUREIQ- REMARKS 

In this chapter we discuss, after some general comments 
on the model, what modifications v/ill occur if ninth "vector 
and axial "vector mesons are included. Then we analyse the 
consequences of the situation when explicit symmetiy "breaking 
terms are absent, Einally a limit of the model is considered 
in which masses of chiral partners of the Goldstones become 
infinite. 
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6-1 G-eneral Oonments ; 

In tbis work we have employed the effective Lagrangian 
method to study low energy processes of spin zero and spin 
one mesons. Ihe predictions of the model are in reasonably 
good agreement with the available experimental data, Further 
some of our results like p%%, A.^lp% vertex: and fona fac- 
tors agree with those obtained from pole dominance and smooth- 
ness assumption of two, three and four point functions. It is 
expected because in tree graph approximation these assumptions 
are built-in in lagrangian approach; smoothness assumption 
comes from the fact that in invariants maximum number of 
or is two. Wherever difference arises, it is due to 

those assumptions which are not valid in our model, for example, 
conservation of strangeness changing vector current, Weinberg 
second sum rule and absence of scalar particles. 

Our model gives a good description of particle masses. 
The predicted masses, except K mass which is within 5 percent 
of experimental mass, are close to their experimental values. 

We are able to predict scalar masses which are T/ithin 3 percent 
of the corresponding experimentally reported peaks. We consider 
it 5 one of the successes of the model. 

The overall agreement between predicted and experimental 
decay widths is good. However, width of two pairticle decay 
mode of K, is rather large. 



An important featxire of the model is that it makes 
Predictions ahont scalar mesons contrihutions to 
various processes. In most of the cases like tc - it, K — n 
and K - E scattering and decay, scalar meson contrihutions 
are significant. Moreover decay widths of those modes in 
which scalar mesons occur either as decaying particle or in 
final state are not negligible. The future measurements of 
these processes will constitute a test of the model. 

Apart from the usual shortcomings of the Lagrangian 
approach, like unitarity, one of the shortcoming is that we 
have only octets and not nonets of vector and axi a l vector 
mesons. This point is discussed in the following subsection. 

6-2 Inclusion of Ninth Vector and Axial Tector Mesons : 

Throughout this investigation, we had octets of vector 
and axial vector mesons. However, experimentally there are 
two I = 0, Y = 0 vector mesons, 4*3 (783) and <^(1019), and two 
axial vector mesons, D (1286) and E (1420), In order to 
include all of these in the model, we must start with two 
j = 0, Y =0 vector mesons and two I = 0, Y = 0 axial vector 
mesons. The ninth vector and axial vector mesons can be included 
in the lagrangian by assuming that they belong to (1, 1) + (1, 1) 
representation of SU(3) X SU(3). The physical I = 0, Y = 0 spin 
one mesons would then appear as the mixed states of the two I = 0 
Y = 0 members of the multiplet. In the nonet theory Y^ and 
2 (2.47) would represent nonets (instead of octets). By nonet 
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theory we mea. that in the absence of sy^atry breaking all 
the nine vector (axial) „esons are degenerate and only one 


coupling constant In the covarlant derivatives occurs. The 
ninth fields, however, do not appear as gauge fields because 


the regular representation of strCJ) x SD( 3 ) is only sixteen 
dunensional. If the symetry la extended to the larger group 
a(3) X 17(3), which is eighteen parameter group, then all the 
spin one mesons would appear as gauge fields.^® 


in the stl(3) I S77(3) model with nonets of spin one mesons 
the mixing between eight and ninth spin one meson comes from the 
invariants corresponding to h^ and hg. When this mixing is 
removed one finds that ninth member becomes degenerate with I = 

Y = 0 member of the octet’'®, in the vector meson case, this 
equality is satisfied well, by 41(783) and (3(765), but in the 




1 , 


axial vector case it means that Ag is degenerate with A.j(1070), 
far from the possible candidate I)(1286). Jtirther , the kine- 
tic energy mixing angle of eight and ninth pseudoscalar (5.10), 
becomes 35° (mixing angle in corresponding vector and axial vec- 
tor mesons is also equal to 35°)^^. This can be avoided if we 
include invariants like ^ J and Iwh^^^ 


contribute to the renormalizations of spin zein mesons. 


In order to break p- and A,j - A^ degeneracy more 
invariants like sind. have to be include d^^® When 

this is done, we find that, it is not possible to fit D( 1286) 
and E (1420). Eor almost all the ranges of parameters which 
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keep other masses close to experimental ■values, An continues 

y 

to he around 1000 MeV and Ag around 1500 MeV or greater. This 
difficulty may he o’vercome if one further includes the singlet 


mass term for the ninth spin one fields i.e. in'variants like 


w ’ - w 


Now eight spin one masses are function of 
nine parameters, the re fore, it is Yexy diffictiLt to fit the 
parameters. Eurther with so many parameters the model looses 
much of its predicti've .power. Thus we see that hy lea'ving out 
ninth spin one mesons, the model is greatly simplified and still 
gi'ves good agreement with the experimental data. 


6-3 Purely Spontaneous Symmetry Breaking : 


let us consider the situation when the explicit i^ymmetry 
breaking is absent i.e. "^3 = = 0. For con'venience in the 

following, we again write down (3.16) and (3.17), 

4-2f|/3r3) =f2/3b^, (6.1) 

Let us first consider the case when only hg = 0, i.e. Lagrangian 
is SU(3) symmetric, Eq.s. (2), (3.28), (3.29) and (5.9) give, 

2 2 -''/2 
^ ^ P Z 


^8 


(6.3) 


With bg = 0, (3) implies that at least one of the three quanti- 

.2 

ties on the right hand side must vanish. The case = 0 

■ El 

correspond to the prediction of the doldstone theorem in the 
case of a purely spontaneous breakdown of SU(3) to the iso spin- 
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bypereharge level, if = p and < =o, (5.12) 

^8 " 0> which corresponds to the situation when Sn(3) eynraietry 

remains nnlDroken ty the vacuum as well. Finally from the rela- 
tion (3.29), 

\ = 1 + 5s^^|/too ’ (6.4) 

we see that the case | Zg^| = co correspond to = 0 (assuming 
that g:^ Is nonzero and finite), m this case there will be 
no kinetic energy term for the meson and this particle is 
eliminated from the theory. This is what one erpeots from the 
work of Higgs'' 1 and Kibble '2. These authors have shown that 
when symmetry is broken spontaneously in a fully gauge Inva- 
rrant theory, the floldstones become the longitudinal modes of 
the oorrespcndlng gauge fields and are eliminated from the theory. 

Uow let us consider the case when hg = h^ = 0 i.e. 

lagrangian is SU(3) X SU(3) symmetric, in this case, we have 
the following situations: 

(1) One can see that f^ = ^8 "" ^ solution of 

(1) and (2) with = 133 = 0 so that vacuum is SU(3) X SU(3) 
symmetric. 

(2) fg = 0 and fg 7^ 0. In this case, (1) gives 

f^:o P^o ” symmetiy of vacuum is SU(3). 

Eq., (3.23) gives = 0 (M^, is nonzero and finite) , 

i.e. octet of pseudoscalar appears as Goldstones. 
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(5) fQ f" 0, ±0 / 0. The elimination ofyu^ from (1) and 
(2) with ^>0 = tg = 0 glwes, 

(3a/f2 - p(fQ-2fg/Y'5)) = 0. (6.5) 

¥e ha-ve three situations depending on which factor in 
(5) is zero (i). f^ + = 0. The ^pimetry of the vacuum 

is STJ(2) X SU(2) X U(1). In this case, S^-, K and yj mesons 
appear as G-oldstones (ii) 2f^-fg/^r3 = 0. The pions, Sg- and 
-mesons are Goldstones. The symmetiy is an unusual SU(3) 
corresponding to 2,3,8 *^4, 5, 6, 7* " 

-p(fQ-2fg/V'3) = 0. The symmetiy of the vacuum is SU(2) XU(1). 
One can see from (3.23) that -jt, K, and Sg- masses are zero, 
therefore, these appears as Goldstones, 

6-4 A limit of the Model ; 

It is of some interest to consider a limit of the model 

in which the chiral partners of the Goldstones, that is#j?’, 

S , S w and , are eliminated from the model by letting their 
71 / f 

masses go to infinity. Similar limit in SU(2) X SU(2) <7- model 

2 

was considered by Weinberg i.e. 00 which yielded current 

algebra results for W - it and it - it scattering lengths. In this 
limit, we hope to establish correspon dance with results obtained 
from current algebra and nonlinear lagrangians. 

The limit M^,, IL , and ~ is implemented by 

letting yMo> a, p, Y “ such that ratio of any two of them is 
finite. In this limit only those quantities will be effected 
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wliich depend on ^ a, p and ^ order to obtain ■vanious 

(Quantities in this limit the following procedure is adopted. 
Pirst, the quantities which depend on a, p and y are 

expressed as function of p and y with the help of (1) and (2). 
Then the limit p, y -*■ <» is taken. It so happens that the 
quantities which stay nonzero and finite in this limit Stre 
independent of the latio p/y . Poliowing are the results 
in this limit. (Henceforth the model discussed so far will he 
referred as model A and the model in the ahowe mentioned limit 
as model B. ) . 


(1) The spin one masses are not effected. The masses of 
G-oldstones are nonzero and finite. ,The escpressions for the 


]|asses are, 

ig + Vlf3) , (6.7) 

Mg = - bg/Zf3)/(ig - fg/2f3). (6.8) 

My = Z^((fo-V^^>^V(V5 VT5^VV5) ■ ^ 

+^/3)- (6-9) 


In fact (7), (8) and (10) are same as those obtained from (5.3®) 

i.e. the expressions for m, K and masses in the two models 

A and B are same. However, the expi^ssion for k? mass is 

different in two models. In model A the ^ and masses are 

2 2 

given by (3.27). In model B one finds that(Mp)QQ and 
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defined by (3.23), are imaffected by tbe limit whereas 
P^oo 


(I^) becomes infinite. Therefore e (3.26) becomes zero 

ir 


and Mi 


%)i8- 


(2) The currents remain unchanged. But since 0^ = 0, 

(see 5.11) becomes zero. The divergence of the eight 

axial vector current (5*38) now becomes, 

A. 2 r2 ( 1/ 2/ 3b f g— _ 

r • 

The nonzero coefficient of appears be cause is finite 

- 2 

although -► o° and — 0. In the pole dominance model of 

divergence of current the state, due to nonzero coefficient, 

will also contribute to the matrix elements of (11). However, 

2 

since -» <», its contribution will be zero. 

The form factors in model B are same as in model A. 
This is so because Sjr couplings and mass are not affected by 
the limit. 

(3) The decay widths of ^ S^, S and S^, become infinite. 
This is expected because their masses themselves go to infinity. 
Those decay modes in which any of >^* , S^, and appear 

in final state are not allowed. The amplitude of the processes 
like three particle decay modes, scattering and 
these particles appear as intermediate state are changed. The 
vj , S^, and S,^, pole diagrams become contact terms which 

are nonzero and finite. 
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The Tt-Tt scattering amplitude A(s, t, u) (4,72) in this 
model is gi'ven by, 

A(s, t, u) = [(g!j^^ + ug^’^’^)^ (s-t)/(M^-u)+u ^-»t] 

+ 2g^’''[u^+t^-2s^-4]V^(u+t-2s)] 

* + e\(4M2-3s)/n>2 

+ . ( 6 . 12 ) 

The Tx-it amplitude obtained from current algebra and 

3 

nonlinear Lagrangian approach result has only the last term 

of (12). It is interesting to note that in the limit g - 0 

all the remaining terms except last term in (12) ■vanish. This 

is in fact expected because model B in the limit g -» 0 is 

the same as the one considered by Weinberg. The K-tc amplitude 

even in the limit g -» 0 differs from current algebra result 

by the contribution of Sjr pole -which is usually neglected in 

•7 

these calculations."' 


The s-wave •ji-'n: scattering lengths as given by (12) are, 
32,.aoo =M„[l6(g^’')2/M2 + 7/F2+2g2^2z2-16g2zym2 ] , 

32naQ2 = 


It is interesting to see what happens when ESRI is assumed. The 
KSKF is obtained if the following condition is satisfied, 


In this limit = 2, 


g^(f^ +fQ/f3)^ • (6*14) 

(3,24), = 1/4^0 , (5,11) and 

With the help of these it is easy to see 
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that Bqq = aQ2 =0. 

(4) In model B total nimiber of parameters are nine, two 
less than the model A, Since the two models are different from 
each other one shoiild determine all the parameters again* The 
procedure of determining parameters from spin one masses remain 
same as in model A. To determine and bo we take % and K 
masses as input. The is restricted such that mass is 
between 1080 and 1200 MeV, corresponding to the mass of experi- 
mentally reported resonance. It means ^ is between -0.08 and 
and -0,095.- The overall best fit is obtained for -0.08. 

The predicted particle masses are, 

M * = 935 MeY, M,. = 1308 MeY 

K ^A 

= 576 MOT, ^ 1186 MeT. 

The widths (in MeY) of two particle decay modes of vector and 
axial vector mesons and three particle decay modes of axial 
vector mesons for 6 = 0.6 are, 

PCP- TCTt) = 117 

P(K*- Ktt) = 55.5 

Pip-* KK) = 3.7 

P(A^-pTt) = 135 

r(K^-pK) = 9.3 

■ P(K^-k\) = 255 

P(E = 27.4 

r(A^- 3%) = 


140 



150 


P(K^ Etto) 


P(E -» M.%) 

p(E >2%%) 


121 

12 

37 


The 

s-wave 1=0, I = 

2 and p-wave I 

= 1 

scattering 

length s and 

effective ranges. 

for TiTc, for 6 

= 0 

are, 

^•00 

= 0.117M"'' , 

^00' = -55 

1“** 

TC 

f 

®-02 

= -0.042 M"”* , 

71 

^02 = 

71 

9 

^-11 

= 0.0321“'* , 

^11 = 65 

M"”* 

TC 

# 


The s-wave 1-3/2 and 1 = 1/2 K- 7 t scattering lengths and effec- 
ti-^e ranges are, 


a^/^ = 0.63 M""^ 

0 % 

a.y^ = 0,4-7 


,5/2 _ 

^0 

J/2 _ 


0.20 M' 


• 1 


Tl 


1.85 M 


-1 


■*'n • n 1 

U TC 0 Tt 

The s-wa've low energy parameters for K-Z scattering are, 


aj. (KK) = 0.39M 


-1 


1 


5 

Ti: ^ *0 TC 

The tc-tc scattering lengths predicted hy model B can also 

he obtained in model A for some suitable walue of x (see 

\ / 49 50 

Table IV). The ratio ^QQ/a^g is i^ agreement with experiments; ’ 

The K-tc scattering lengths are large and of opposite sign as com- 
pared to the walues of model A. This is so because in model A, 

Sg- and {Sfy, S^, ) contributions were of same magnitude but of 
opposite sign. However, in model B, S^- contribution which is 
positive dominates over the contact diagram contribution. The 
contribution of (S^, S^, ) diagrams in model A to K-E scattering 


1.3 


--1 
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was much large than the corresponding contribution in model B. 
Therefore, here K-K scattering length is small. 


The parameters for 6 = 0.6 are as follows, 

f+(0) = 0.99 ; = 0.020 , 

% = 0.023 , = -0.203 

r(^3)/r(Kg5) = 0.641 . 

The width of and Bg (5.76) are not effected. 

The widths of the mode for 6 = 0.6 are, 

p* (K"^ -* n\~e'^V) = 0.93 x 10^ sec"”* , 

P (K’*’ - = 1.09 X 10^ sec"”* . 

The -variation o form factors in the physical region is as 

follows, 

bIJ = 1,64-^ 1P2 , 

B^ = 16 ^ 17 . 

We see that B^ is smaller than the corresponding -value 
in model A ,(5.76). It explains small width for k"*" 

i 

mode. The reason is that the contribution of (Sj^, S»^, ) states 
to B.J in model A is positive whereas corresponding contribution 
in model B is negative. The contribution of contact term to 


B|^ in model B is negative but about 15 times smaller than the 
(S^, contribution in model A. Since in model B,B^ and B^ 

are of same sign (in model A they are of opposite sign) therefore. 


contribution of interference term B,j B^ to width is positive. 
This explain why widths of -*• in two model is of same 


order. 
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iPPElTDIX 


COUPLING CONSTANTS 


In this appendix, we write dowQ the effect ii7e lagrangian 
for VPP, AYB, APS, SPP, APPP and PPPP vertices. Eq. (3.7) in 
the matrix form is parametrised as, 

/ c 0 0 \ 


where 


0 c 

\o 0 




0 

d 


(A.1) 


We 


JT ^^0 - • 

define two 3x5 matrices namely <£ andTT such that (3.8) 

lA) ^ 

•„ ^ 


in matrix notation becomes. 


where , 


> 


A 

= Y 


^ + ?/U 




8 


(A. 2) 


’/t|- IT 

Two more 5x3 matrices S/u and are defined through the 


relation, 
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and. 


- 


yu 


f ]. 


(A.4) 


With the help of (2), (5) and (4) the covariant derivatives 

P and BOW can be written as, 


"/Up 


A 


f§ [ y>. ’ ^ +#]> + f§ > f ]_ 
+ ^ ’ 


P 


yu>^ 


V’ + # Lt.,+ f. + ff LVl. Zv+tlJ_ . 


G-/U)* - ^/i/^ ^ ^Tp_* (-^*5) 


where = d^Y^-e^Y^ etc. 


The fields Ug and tiq are related to physical fields through the 
relations, 

,1/2 


TTg = (Z^ COS cos 0p - sin Sin 9^) p^^ 

+ (2y^ cosy- sin 0^ + sin y cos 9^) p^^, 


= Cg^p^ + Cg^, p^, , 

TCg = (-Z^^sin y COS 9p - cosy sin 0^) Pj^ 
+ (-Z^/^sin y sin 0^ + cos y cos Bp) p^, 

= ^Qy^V + V t * 

Similarly Sg and Sg will he replaced hy. 


(A. 6) 
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Sg - cos Bg + sin 0^ S^, , 

Sq = -sin 0^ + cos 0g S^, . (A. 7) 

The parameter 6 with which "variation of most of the quantities 
is gi-ven,. is defined as, 

6 = h M^/ g = 6' M^p . (A.8) 

The other constants which are frequently used in the following 
are , 

= T2 gc/(mg + 2 g^c^) , 

'^K " ^ + d)V2) , 

^88 ^ g(c + 2d)/(mQ + | g^(c^ + 2d^)) , 

^80 (c - d)/(m^ + I (c^ + 2d^)) , 

?s " ^ ^ (c - d)2 ),, 

\ = 1-f2gc^^ , 1^ = 1-g(c + d)^^/f2 , 

^81 ” "I - gc'^gg , Ijg2 = 'l-T2gd^gg , 

^01 ~ " ^°^80 ’ ^02 ~ '■+2gd "^gg , 

Lg = 1 - g(c - d) ^3/f2 , 

h^ = 1 + (h^ + hg) c^ , 

h^ = 1 t (h^ + h2)(c^ t 2d2)/3 , 

^6 ^ 1 + “4“ ^1 + ^2 ’ 
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^7 - I + (h-i - h2) , 

*^8 = 1 + 4- + >1^) - hg od . (Jl.8) 

The .. renormalization constants for vector fields axe given by 
(3.20), for axial vector fields by (3.22) and for spin zero 
fields by (3.24) and (3.29). In the following, particle sym- 
bols stand for tbe corresponding fields. 

("I). VPP Vertex: 


L(7PP) = 


fl{[VPLP^ f], [P^,TT]. . 

■+4- W[TTL,TTd. - 6'[p^, p^]j} 

t(>v ([T].. TT 4 

v f D^. ^v]_ f} . ‘ (A. 9 ) 

«l” 9,”' V’' ^ V 

* l sf^ K+r^K + 1 g|KK P^,(a^EV8vE 

- 0^z) 

" i 8^“ ^ K + 1 (a 


- aa;K'^.a^E:) 


+ i[g^ K^rK K’fre^K.Tt 

. „K*K7I Tr*+ Tf-\-r^-x 

§5 - £vK- ^%) + h.c] 


+ . . 


where . .. stands for the couplings which are not used in the 
calculations and- K and K* stand for the coloumn vector, 

+ 

jrO f C • 
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The various coupling constants are, 

> 

= 8 ‘'4 - s’ 4 '> > 

gfK = g Ij z]/2/2 , 

^ = g (^1 - s' l|) Z^ zV2/4 , 

g"*;^ = ^3 gZ^ zV2/2 , 

= f 3 g(^| hj - 8' Zl)\ zV 2/4 , 

", S Sfg 5/2) Z/2 , 

g| = g (Ij- + lf3 gfg 5/2) Z/2 , 

83 = S >=6 - 6' %;) 81A . 

where, 

2. AVP Vertex : 

l{ayp) = if^([ f [ /,|T]. - [ z^,Tfl+ [ V "'h} 

- -^{t V> ^J+ + h/^) ; 

+ 2h2 f E^, f ]. ' - 

- 1 .fV iK, f]+L) 

- [A> 4. ]+ - [s^. ]5^, flj+)} 

- ^{[ V’ ( 1 + h^ f2) 

- Shg z^y E S^V ■}" [ ]lTr, f] 1 

liJhi ^ 

•- "^ Y/uvTT -TT^yuv ^)} » (1.10) 
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where, 


pA 

Y 

P 


^TTy i]. + [ TTJ. , 

- [iv, . 


The isospin decomposition of (10) is as follows 
I(ATC) = [ g/” , gV- 


+ g 


A-jp-n: 


3 (3yii xp^ - b^n xp^ ) 




A'jf’Ti; 

+ 84 ’t ^ ] 

K^fK ' ^xpK ^ 




- ^Kfv) 


K/K 


, u , 

K CK^., + 

TT Tr*5f 

Kj^L % 

+ g 


+ g 


2 ~ ^AV ^ ^jmv 

KaE tc ^^ 4 . T / - ^ * 




K^- 6^7t K* ) 


ii. 4U »u ^ ^ 

®4 - SvK^ ) 71 + h.c ] 

-r-, __■)(•__ _ JyL 


+1[ ^ E^ K'^.K^+ g|‘^’'*^(E^8^K+ - E„a^K+).K*^ 


.+ „* 


E*K, 


ih 

+ gj^ ^ E^v (evK'*'.^ - a^K* kJ) 

+ 4’^ Ep^vK'"- * E-c ] 


The coupling constants are, 
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= 

f2 g^c Zg , 

§2 

= 

S %\+r2h c) Z2/2 , 

A^Pir 

== 


A^Pit 

§4 

= 

c ]i2 Z2/ir2 , 

K/K 

Si 

= 

( c 4- d ) Z5/2f2 , 

gg 

= 

g + h (c + d) I^/f2) Z5/4 , 

K/K 

= 

— g hy Z^/4 » 

K^PK 

S4 

= 

- (h^ (c - d)/2 + c) Z^/2f2 , 

K,E*71 

&■ 

Sl 

=z 

-g^ a \/rz , 

KJC*u 

S 2 

= 

-g (f„ hg + h (0 + a)/f 2 ) z ^/4 , 

kX\ 

% 

= 

8 (fj hg + h 1 ^ (0 - a)/Tf 2 ) Z ^/4 , 

k;,e;\ 

V 

= 

d hj Z^/zr2 , 

„ee:*k 

Sl 

= 

V37? g^ a Z5 , 

„EK*K 

S2 

= 

V S ^6 ^ \ 2d)/3) Z5/4 

3 K*K 

= 

-T5 g (|k hg + h (c - d)/3f2) Z5/4 

gEK*K 

= 

- (h^ (c - d)/2 + h2 (c 4- 2d) Z^/2f6 , 

Z 2 = 

(z 

^ TC 

ZpZi//' , Z 3 =(Z^ZpZ^^)V 2 , 

^4 = 

(Z 
^ n 

^K* ’ ^5 ' • 
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3. APS Vertex : 

L (APS) = [2^,77] + 

+ # KTT,.f]+ + iC^.rr] J[z^, f]^} 
'Ifr'f - ahg f 

{2/«v([S^, Pv]+ -[S^. Py]+)}, (A.11) 


Where, 


V = [fp .TT,].-[f^, 

The isospir decomposition of (11) is, 

Ai^.a^itSg - g2* ^ A^^.u^Sg 

+ §5 Ai^^ (^TtS^Sg - d^TC ^Sg) + Sg^-^Sg ] 


A-jTCSo 

L (APS) = [g^ ® 

A^-jiSg 


A^TtSg 


^ A 7t , JC IT S 

Si - Sa^ ^ » 

„+ 


- e^TT ^Sg.)] 

, r ^A^^®8 + * K.aKSq 

+ [S1 K^^^^Z.g-g2“ 


K.Ks 


+ g 
EtcS 


'3 “ ®»^K -9^Sg)+ Sg^^gl 


■[ Si 


E,a..7tS ’’'T^ 


EtcS 


r r ^ 


EtiS 

g2 


+ g. 




Etc o ^o 

+ [ g^ ° ° E^d..7toS 


+ g. 


EiCgSg 




S'^S 


g 


E^gSg 


^ Tlg^Sg 


■3 ®/<v 


where, 



H7 


gl 

- 

A^7rS8 

g2 

S 2 / 

/l^®8 
% • 

= 

§3 / 

K_^7iSj. 

g1 

= g(l - 2 

A-Sk 

®2 

= g(Eg + 

K.'rtS.pj. 

_ ii. K 

II 

|H 

0 


/T2 = g(U2f2 c^) Zg/f3 , 


K,,Ks 

y J. 

= 1 


8 




V2f5 


g 


V"8 


EttS 


g 


1 


•n: 


E7tS_ 

Et^S 

EKS. 


7r 


Ti: 


g 


K 


1 


EKS. 


g^ 


'K 


EKS. 


K 


^3 

E7i;8S8 

gl 

E 

h 


'/g= 

Etcq 

g. ® °/g= 


\ 8 ^ 7/4 . 

K KSq 

-S1 V2ir2 = - g(1 - Tf2g(o + 

V®0 

-S 2 /H2 = - g Zg/2ir3 , 

■ V^n 

-gj /2f2 - _ h I,^ Zg/2\r3 , 

g(1 - 2 ir 2 Zg/ir3 , 

8 8g/f3 , 

>> I, > 

-g (2Ig - 1) Z^g/2f3 , 

-g (Ig - f2 (0 + 2a) fg) Z^g/ 2 f 3 , 

- (h Ig - 3gfg^^ hg) Z^g/4f3 , 

EtXoSq 

§3 • /h = (Eq^- 4Lq 2) ^'^^/3f3 , 

g3 = "^2 (Eg^ _+ 2Eg2) ^/V3ir3 , 
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*1 “ Vg = gj “ > = 


'01 “ ^2^ ^'^^/3V’3 , 

01 - %2) , 

2 = - f2/3 g ^ 


Si /g = g ° ® 


_ EtTo Sq 

r2 g. 8 8 


g 




3 > = f2 (L, 


-§2 =z g ^ o 


0 


where, 


■'8 


Z 


10 


4. SPP Vertex ; 
L(SPP) 


(Z Z, )''/2 

TT » 

(2„ z z« )V2 

» 

(%! . 

il 


#(i> [^.Fl. - S/^CTrvTT],^ + [T^,|] 




a 

T 


[ -6{#rf} + 6{^rT}{r^ 3 {#{ti^} 

, -4fKTTf] 

- 2p {(ff + f j) ^ . TrfTr}- oxjrf j 

S KK. 3 

= [s/ 3 ^ic1:k + gjit s^.e^+t^K 


S KK 
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where, 


S TlTIc 


^ A S^E-Ji: . 

^uSg-T^K.it + g2 Syi^Sg-TTE.^TC 

•x. "f- S-p-K7t , 

+ ,83 s^T S^K.^% + sj r K.b + h.o ] 

SgZK 3 j[j[ 

+ [ S1 3^=8 + gj8 Sga^+.6^K 

SqKK 

’*’ S 4 . ®3 K » K + Sq f-4 Sg j 

SgTtTt ^ ^ SgTCTI 

■*' L §1 ^^Sg ^71. 7t + g^ Sg ^Tt.^Tt 

Sg-rt-JC 

+ S 4 SgJt.U + Sg4-4 Sg ] 

+ [ Sl 3^®8 ?«’'8’'8 * S3 


, I- S^Kit S„Ki; 

+ L gvj -3- A T7- ^ ^ 




®8^8’'^8 


®8 ^^8/^'"'8 


S8iC8^t8 


+ [ §1 


+ S4 ® 8 ^ 8'^8 **" ® 8 ^ ®0 '^ s^'^'O ^ 

® 8 ^ 8'^0 ^ _ , _® 8 ^ 8’^0 


+ g 


+ . . . 


^®8 ^^8^G ®2 ^ ^®8 ^'”'0 

®8 ^^8 % ®8’’^8'’^0 ®8^®0 1 

(A. 12) 


S KE 


S IK 


- -§5’^ ~ 


■^z 


g®7i^ = (3a/f2 - p(fQ + 4fg/f3)) , 


T SeTlTt 

\ gl = - g; 


SgTCTt 




% % 


r „®0™ 

«1 


SgTc-n: 


- g,^ = - f573 L 


7t V’-nc 7t 
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Sg-JtTC 


= i^3/2 a - {2/3 pc _ 2 ^ f„) Z 


g 


SgltTC 


'4 ~ -(T5a/2 + 2 pc/Y‘5 + fS'^t ) z 


8^ 71 


ra gi 


' TUTto 
7t o 


= g 


% 0 


g. 


S TUTto 

X O 




, Tt O / / 1 /o 

2 /fss - §2 /^80 " - S z/V2r3 


8 Jt Jt Q 
It 8 


®5": - “ - e % ^ei ^ \ f 88> , 


^ Tt 0 


g, 


7t 8 


^ Tt 0 


= S ^01 + l.?8o) . 

= (r6a - 2if2/3 pc) ^ 

= (Y'3a + 2 p 0/^3) Z”*/^ , 

TC 


Sg-KTi 

g-I = - gCl's^g -(^g Lg.) Z^^/2 

Sg-KTt 


g2 

S 

^3 

s. 

% 


SgKTt 


Sg-Kii; 


" ?S ^1l/2 » 

■*■ \ ^1l/2 , 

(3a/f2 - fZp d) Z^^ 




f 




SgEX 


g 


SqKK 

4 




s^KK 

gl 


s.KK 

g4 


(ir2/5 bg - fghg/fg) Z^^/(2f2+fgfQ/Y-3_f2/5) ^ 

S KK 

-g^ - g Zg./2f3 , 

(-f3/2 a + p(fg _ 14fg/r3)Af3 - 4 Afg) Z^. , 
s ZK 

-§3 = -f273 g Z^ , 

(-T3a - r273 p (2f^-fQ/Y3) - 2:{6f^Y) , 
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SgTlgTCg 

^1 

SgTtgTCg 

SgltgKg 

§1 

Sq^S^S 

S4 

SgTCoiCQ 

§1 

SgTig-rCg 

§4 

§3 

§4 

SgTIgT^o 

§1 

SgltgTto 

SgTtgTto 

H 

%T^Q^q 

,4 

SQTlgTCo 

^3 

where, 


®Q7tp7UQ 

= -3S3 ®/(I.gi - «82) = - g^gg/lf3 , 

= -f3/2 a + 2cp/f3 - 2f3tQ ^ , 

= -3g;"""""/(Lg, . 2Lg2) = -f2gfgg/r3 , 

= f3a/2 - 4cp/f3 , 

^oTCi^TC^ 

= -3S3 /(^01 + 2Lq 2) = -'r2gfgo/f3 , - 

^oVo _ - 

B-j . - U , 

2g(Io^ - I'q2)^80'^^^ ’ 

= tia - 4op/v3 - ifefQ y , 

= -Y-275g^g , g 28 ’' 8"0 ^ ^ 

= gC^godsi - +I'82) + V'S fsS^^OI * 2I,82))/3f3 , 

= -5^3 a + 4cp/'y3 , 

= 0 , = -V2/5 8^80 ’ 

= ns (^3o(^ai + SIgg) + f2 (Iqi - Io2)^88V5V'3 

1/2 
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5» PP£^P Vertex : 

I(PPPP) = 


- 4 {[ri^>TT] + [T|,TTl+} - I 1 

- f Pj.} 

4 { TIJ.,[T^. TTJ. (1 + 

^i>2 [-n^.ra. f [i^.TtJ. f] 

[g^'^Cx.n)^ + g^C^Tt-n)^ 


+ 

JKTZ 

§3 


, ^71 X 5yn;] 


■^[ 

n-KK 

§1 

(e'^.e)^ + 

((a^E'^.E-^ 

E'^.^E) ^■^.E 


+ (e'^.^k)2- + 

^E'*‘.a^‘^.E ) 


+ 

o-EK. 

(6^,^E 

8j,E‘^.^E - a^E 

■‘■.^E a^E^.d»/K) 


rM- 

§4 

(d^S'^’.d^E 

- 8vE"' ,^E)2 ] 


*[ 

,_K7t 

g-, 

'^.K%*% + 

gf^ (^e'^.e+e'^ 

.^E) 


Kn 

^3 

K'^.E 

^I^EtC • 7t 

+lgf’' 

(^kV k ■ 

- E'^'r ^E) ^71 

X 7C 

+16? 

(Q^E'^'r ^E - ^eV 6vK) 

a^Te ^ 

+ 



re a^E'^.BvE + 



+ 6^ii;.0^u(^E‘*'.eyK + di;E'^.^K))1 


§2 ^88 ^^8 ''f80 



153 


+ §3 (TCg/f^ + 7EQ/ir3)^ 

o 

+ §4 (T^Q/f^ + t^q/Y^) Tt*n + g3(-n:0itg + itQ'EQ)7i:.i{} j 

• (A»13} 

The coupling constants are, 


o-KTi: 

= 

- (p + 2 3f) 2^/4 , 

„7C7t 

^2 

= 

-s'?.' ■ 

sf^ 

= 

, 

gf 

= 

- (p + 2!f ) Z^/s. , 

n-KK 

§2 

= 

-s'-?! 4/2 . 

„KIi 

^3 

= 

8'?k(?I 'a - 26’l|> 4/‘f • 

KK 

^1 

= 

g^^|(^C1+Cll^+ll2)d2) . 26' l2) 2|/4 , 

§1 

= 

. (p + 2V) Zj , 

„K7i: 

^2 

= 

-3gf = 

/It/ 2 

®3 TC 

= 

S?4l = - s' \ V8 

g? 

= 

(3{1+hio2) + c(2o+d)hg) 



26' T.| + 4 + 

Kn 

= 


gl 

= 

-g2 V6 . 
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gg 

% 

§4 

Be: 


- 2^ 




- ¥z 


TZ 


The yjyj Ttir in (15) is as follows. 


% 


where , 


+ g^^ 7’ S^7 ^^Tz.% + gj^ 


+ g' 


^^5" ?> 


TC • TC 


g?1’‘ 

= 2g^ [||g %>fsy ‘*■^80 ^7 ^oy 


■^fss^so ^^87*^07' '^87* S>| » 

el ^ 

^ ^2 ^^88 ^ 81 j’ ’‘‘^80 ^07'^ ■’■ %^/T 5 ) 

r ^% 

4 

" ®2 ^88 *^87 *'’ 580 ^0*^ ^ (C3^,/'\r6+ Ggy / f ^) 

% 

~ §3 [^87 *^87' '*' ^^07^07' ‘*’^^^^87^07’ 


+ ^87' ’ 

®5 

= g4^ §4/23 + 2g^ (^ s ' yj^sy ■*■ -^0‘7 ^oy ^ * 




5 
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L(APPP) 


/ #{[ >rrj. [TT;,,Trj. d + h,f2) 

+ *>2 1 2 ^. TT,]. fCrj^, f 

" f (V '£?"> [t^ttij, - [ p„ rTj:,^-] J.) 

- tp^rr,]. ■. itr^, 2^3 j j-p^, p^ 

= r 1 1 

L Sl ^ 1 ^- X + gg ^yw^ 8 v"-^llxe^T 


+g 


A^titcti 


+g 




^l^vC^TC a^Tt.lt 6 ^TC ^TT;.Tt) 


+g 


+[ K*^ IT - •+ 

Li ^ + gg'L K+^^&.x 

-+ 


K-Ktitt , 

ii. / / -r^T' 




+ig/ 


KaKtih: 


- 22 " 


(E^re^K - E+„Te^K) ^ , 


e^TC . 8 j^ 7 c) 


TZ 


K.Ktuh 

^ gg^ K^ 


•f* 

‘‘A^V S-y 7 t» 7 i; — Sj^K ^Tt.-Jt) 


K^Ktctc ^ 

^•■®7 ^A^y K(^TC. 0 v 1 T - S^TC.^TC) 
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where , 


igo ^^^T(6vE.^7t X 7t - d^K e^Ti X -ji) 


+ ig, 


8 “‘lyUj/ 

K^ETTIt 


+ ig 


^ E ' 3 X X C^TC J 


: _ E^Etcti: 


■[ 


.EEEtc 


:^E'^rE.^7i 


+ gf*®” ^(^K’*'r K + Ttx iM.% 


gEKKx 


:^(-2 ^ti e^E'^re^E 


gEEETi 


+£^11 (e^E'^r ^E + eyE)) 

eV ByE - d^% K^T e^E 
+^7C SyE'^rE - d^% ^eVk) ] 

r ^8 ^8 

S-| S2 

*^8 

*" fyTt.it ^110 )+ tCq 3 

(A. 14) 


+ . , . . 


A^TCTt-n; 

1 

■■ ® fit ^12 

J 

A^TtTCTt _ 

'2 



A^tc%% 

'3 

*'8 \ 

Zi2/2 

A^TCTt-n; 

‘4 

®*‘2 

Zis/ITZ 

E^Kira 

h 

E.ETt-n: 

-5 810 



3g‘ 


% 


y 



where , 


re 


§4 

EAETtTt 


g. 


Z^ETT-n; 


ETlgTCTC 

h 


ETt0'n;7T' 


Sr 




Eng-rtTi; 

% 

Eu^uti 

y ^ 

=3 
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E.E-ji;tt; 

= -g^^K 2^3/4 , 

"26’ I^ Ij^) Z^y<8 

(5(1+h^c2)+h2Cd)-66’l^) Z^^/8 , 

2^3/^ . 

^^^^^EfTt-^ 7 T|E^'+ ficfz/^^) 2^3/4 , 


E.E 7 tn; 

% 

^fic^’’ Z^j/S , 

Z.ZTfn; 

1 > 1 ('=-' 1 W 2 ) Z 13/4 , 

EZEtc 


^1 /fu = 

- 2 gl“Vfjj = g2 Z^_^/ 2 V -3 , 

II 

kC-* 'Vk * 

II 

ll 

0 

E)-I>lf*fK( 0 -a)/T 2 


”^2^2^7iCe ('^+2d)) Z^,/8f5 , 


J^KqTCTC 


«1 " = -2s' f, s 1/2/3 , 


EtCp^TETI 

82 /^eo 


e" \ . 


z 


12 


^fss \ i-si) \ , 

"fit \ » 

ZV2 2V2 2 - 2 zV2 7I/2 

7t » ^13 - ^TT V V ’ 


'14 


Z„ zV2 z1/2 , 

K % E • 


1. 1. T. KANPOR, 

I LtWRAWy $ 


•»LjP 



